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NGC 3351

• Ionised gas and 
stars observed with 
MUSE as part of 
TIMER survey             
(PI: Gadotti) 

• Archival HST    
(PI: Calzetti) and 
ALMA data       
(PI: Sandstrom) 

• D = 10 Mpc,  
M* ~ MMW,  
SFR in nuclear ring ~ 
1 Msun/yr. No AGN.

Image Credit: LEGUS Survey



NGC 3351
• In addition to nuclear ring 

and linear gas feeding 
lanes, a transverse shell 
of molecular gas and 
dust is present 

• Not expected from purely 
gravitational effects 

• Can we use peculiar 
morphology as a 
boundary condition  
to help constrain 
efficiency of  
stellar feedback?
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Figure 1. HST WFC3 colour composite image of the central region of NGC 3351 made as part of the LEGUS survey
(https://legus.stsci.edu/) from F814W, F555W and F336W exposures. In the inset, the elliptical dust shells are evident as curved
transverse features expanding out from the bright nuclear ring, and orthogonal to the linear feeding lanes. The primary shell is coincident
with molecular gas emission in the ALMA moment 0 CO map (green contours).

We converted the ALMA cube to brightness tempera-
ture and constructed moment maps for the 12CO(1-0) line:
moment 0 corresponds to the integrated intensity, moment
1 is the intensity-weighted velocity field, and moment 2
represents the intensity-weighted velocity dispersion. We
integrated emission for channels in the window 114.8997-
115.0034GHz, using line-free channels to estimate the noise
(in the remaining range 114.8780-115.0690GHz). We use a
sigma-clipping method for moments 0 and 1, to avoid be-
ing biased by noise; our preferred maps use a threshold of
4�, where � is the rms noise in line-free channels and is
calculated on a pixel-by-pixel basis. It is important to im-
pose a threshold that depends on the position in the map,
as noise increases towards outer regions as a result of the
primary-beam correction. We have experimented with di↵er-
ent thresholds and di↵erent integration windows, confirming
that the maps are su�ciently robust for our purposes in the
areas of interest. For the moment 2 map we use the “win-
dow method” (Bosma 1981), which captures more low-level
emission, providing a better estimate of the real velocity
dispersion. We first impose a 4� threshold to identify pix-
els with significant emission, but then consider all emission
in those significant pixels, only limited by a window in fre-
quency. This window is iteratively expanded (starting from
the channel of peak emission) until the surrounding con-
tinuum emission converges according to the criterion from
Bosma (1981). We compared the resulting maps with the
13CO(1-0) observations from the ALMA Early Science Cy-

cle 2 project 2013.1.00634.S (PI: Adam Leroy), obtaining
qualitatively similar results.

2.3 Ancillary Imaging Data

Archival HST WFC3 images (Program ID 13364; PI
Calzetti) in the F336W and F814W filters were obtained
from the MAST archive. The original observations were
taken on 23/04/2014 and subsequently processed with As-
troDrizzle. The F814W and F336W images have exposure
times of 908 and 1062 seconds, respectively. A three-colour
HST composite image from the LEGUS survey (Calzetti
et al. 2015) is shown in Figure 1, with the ALMA CO mo-
ment 0 map plotted as well.

2.4 Kinematic Analysis

To constrain the large-scale CO rotation curve we ran the
task ROTCUR within Gipsy on the moment-1 map obtained
with HERACLES, which has a much larger field of view than
the ALMA observations. Given the relatively low spatial res-
olution of HERACLES, we assume that the moment-1 map
predominantly traces circular rotation and is not too a↵ected
by streaming motions. We performed an independent check
of the rotation curve by assuming di↵erent sets of input pa-
rameters for the systemic velocity (Vsys), inclination (i), po-
sition angle (PA), and the coordinates of the centre (x0, y0).
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Molecular Gas  
Morphology

• Hydrodynamic 
simulations tailored 
to the potential of 
NGC 3351 confirm 
that this dusty 
molecular shell is 
not expected 
solely from gravity



Molecular Gas  
Morphology

4 R. Leaman et al.

Figure 1. HST WFC3 colour composite image of the central region of NGC 3351 made as part of the LEGUS survey
(https://legus.stsci.edu/) from F814W, F555W and F336W exposures. In the inset, the elliptical dust shells are evident as curved
transverse features expanding out from the bright nuclear ring, and orthogonal to the linear feeding lanes. The primary shell is coincident
with molecular gas emission in the ALMA moment 0 CO map (green contours).

We converted the ALMA cube to brightness tempera-
ture and constructed moment maps for the 12CO(1-0) line:
moment 0 corresponds to the integrated intensity, moment
1 is the intensity-weighted velocity field, and moment 2
represents the intensity-weighted velocity dispersion. We
integrated emission for channels in the window 114.8997-
115.0034GHz, using line-free channels to estimate the noise
(in the remaining range 114.8780-115.0690GHz). We use a
sigma-clipping method for moments 0 and 1, to avoid be-
ing biased by noise; our preferred maps use a threshold of
4�, where � is the rms noise in line-free channels and is
calculated on a pixel-by-pixel basis. It is important to im-
pose a threshold that depends on the position in the map,
as noise increases towards outer regions as a result of the
primary-beam correction. We have experimented with di↵er-
ent thresholds and di↵erent integration windows, confirming
that the maps are su�ciently robust for our purposes in the
areas of interest. For the moment 2 map we use the “win-
dow method” (Bosma 1981), which captures more low-level
emission, providing a better estimate of the real velocity
dispersion. We first impose a 4� threshold to identify pix-
els with significant emission, but then consider all emission
in those significant pixels, only limited by a window in fre-
quency. This window is iteratively expanded (starting from
the channel of peak emission) until the surrounding con-
tinuum emission converges according to the criterion from
Bosma (1981). We compared the resulting maps with the
13CO(1-0) observations from the ALMA Early Science Cy-

cle 2 project 2013.1.00634.S (PI: Adam Leroy), obtaining
qualitatively similar results.

2.3 Ancillary Imaging Data

Archival HST WFC3 images (Program ID 13364; PI
Calzetti) in the F336W and F814W filters were obtained
from the MAST archive. The original observations were
taken on 23/04/2014 and subsequently processed with As-
troDrizzle. The F814W and F336W images have exposure
times of 908 and 1062 seconds, respectively. A three-colour
HST composite image from the LEGUS survey (Calzetti
et al. 2015) is shown in Figure 1, with the ALMA CO mo-
ment 0 map plotted as well.

2.4 Kinematic Analysis

To constrain the large-scale CO rotation curve we ran the
task ROTCUR within Gipsy on the moment-1 map obtained
with HERACLES, which has a much larger field of view than
the ALMA observations. Given the relatively low spatial res-
olution of HERACLES, we assume that the moment-1 map
predominantly traces circular rotation and is not too a↵ected
by streaming motions. We performed an independent check
of the rotation curve by assuming di↵erent sets of input pa-
rameters for the systemic velocity (Vsys), inclination (i), po-
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• Hydrodynamic 
simulations tailored 
to the potential of 
NGC 3351 confirm 
that this dusty 
molecular shell is 
not expected 
solely from gravity 

• Can it be due to 
feedback from the 
star forming 
nuclear ring?
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Ionised Gas 
Kinematics

• Hα emission in MUSE 
cube shows ionised gas 
radially expanding from 
ring, bounded in cavity 
by dusty gas shell.
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Figure 2. Left column: Molecular gas From top to bottom are the molecular gas intensity (in K km s�1), rotation velocity, velocity
dispersion and molecular gas residual velocity (VCO �Vcir c). Right panel: Ionized gas H↵ flux (in erg s�1), velocity (in km s�1), velocity
dispersion and ionized gas residual velocity (VH↵ � Vcir c ; see Eq. 1). An ellipse is reproduced in each panel for reference. Symmetric
radial outflows up to ⇠ 70 km s�1 are clearly evident in the bottom right panel, consistent with the inclination of the galaxy.

MNRAS 000, 1–23 (2015)
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Figure 4. H↵ flux (left), velocity dispersion (middle) and residual velocity (right) fields of NGC 3351 are shown in colour scale. Overlaid
as contours is the ALMA CO(1-0) moment 0 map, which clearly encloses the ionized outflows to the south west of the flux ring.

5 MODELLING THE STELLAR FEEDBACK
AND OUTFLOW DYNAMICS

A zeroth order test of whether the stellar feedback in the
nuclear ring could be responsible for the outflow comes from
considering the kinetic energy of the outflowing gas relative
to the energy of the starburst. Using the velocity field built
from the H↵ emission in the MUSE cube that we derived
(Figure 4), we have determined the speed that the warm
gas is expanding radially from the nuclear ring, ⇠ 70 km s�1.
Using the total H↵ flux, we inferred the total warm gas mass
to be approximately 1.7 ⇥ 106 M�. With these quantities we
derive an order of magnitude estimate for the kinetic energy
imprinted on the warm gas from the nuclear ring, finding
Ekin ' 1053 erg. As we shall see below this is two orders of
magnitude smaller than the energy provided by the stellar
feedback in the nuclear star forming ring (within R . 220
pc), suggesting even with a mechanical e�ciency of a few
percent, stellar feedback could be responsible for the ionized
outflow - and even in moving the transverse molecular gas
feature from the ring, to its present location (§5).

5.1 Feedback Energetics

In order to estimate the energy budget from the SF nu-
clear ring of NGC 3351, we combine stellar population syn-
thesis models (STARBURST99; Leitherer et al. 1999, hereafter
SB99) with analytic prescriptions for momentum injection
due to various stellar feedback mechanisms. The baseline
SB99 models were run at solar metallicity, with a Kroupa
IMF, and a SFR = 0.6 M�yr

�1 (which is the average ob-
served metallicity and SFR in the ring derived from our
MUSE observations). The models assume the SFR is con-
stant over the relevant dynamical timescales in this system
(. 100 Myr). We use the energetic budget and ionizing pho-
ton budget from these computations to model four feed-
back processes: SNe II, stellar winds, direct photon pres-
sure, and photoionisation heating. Below we describe the

baseline model prescriptions, however systematic variations
in the input to the SB99 models or in the subgrid feedback
prescriptions are discussed in Appendix A.

5.1.1 SNe II

The type II SNe rate (SNR) evolves as a function of the
starburst age, and the energy due to SNe is output directly
by the SB99 models. The luminosity is computed using the
SNR derived from our MUSE data and assuming the energy
of the individual SN is 1051 ergs. The momentum flux can
be expressed generically as

€p =
p

€M €E . (3)

The mass loss for the SNe ( €M) is taken to be 10 M� per
SNe.

5.1.2 Stellar winds

The energy, mechanical luminosities and momentum flux of
the stellar winds are output directly by the SB99 models. We
note that this component shows the strongest dependence on
metallicity.

5.1.3 Direct photon pressure

Photons may directly exert momentum against dust grains,
with a momentum flux of €p = ⌧L/c. The e↵ect of multiple
scatterings of photons within the dust grains can be included
(e.g., Hopkins et al. 2011; Rosdahl et al. 2015) as well as
a metallicity sensitive opacity and density dependence. A
large variety of parameterizations exist, with di↵erent phys-
ical assumptions for these photon re-scattering and trapping
factors. For our baseline model we mimic the prescriptions
used in the FIRE and FIRE-2 simulations (Hopkins et al.

MNRAS 000, 1–23 (2015)



Emission Line 
Diagnostics

• Emission line ratios are 
consistent with a shock 
origin in the cavity. 

• Observed velocity 
dispersion is consistent 
with fast shock model 
predictions for line ratios



Feedback 
Energetics

• Use STARBURST99 
models together with 
analytic sub-grid feedback 
prescriptions to model 
momentum injection to the 
gas due to: 
 
- Direct photon pressure  
- Supernovae  
- Stellar Winds  
- Photoionisation heating
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Figure 6. Top panel : Circular velocities derived from stellar dy-
namical modeling (red) and CO kinematics (green), allow for a
decomposition of H↵ velocity dispersion into gravitational and
turbulent components. Black points indicate the observed H↵ ro-
tation curve, which we use in solving equation 2 to derive �grav,H↵ .
Bottom panel : Grey area shows the possible fraction of H↵ veloc-
ity dispersion which is turbulent in nature, with the range due to
an uncertainty in velocity anisotropy. Magenta lines indicate the
region of the �H↵ peak.

2014, 2017) which model the physics of absorption and re-
emission of a photon in the dusty gas parcel, but do not ex-
plicitly have multiple scatterings per photon. However three
other models are illustrated in Appendix A. The momentum
flux is:

€prad = (1 � exp(�⌧V ))(1 + ⌃gasIR)
L

c
. (4)

The median of the V band extinction values derived from the
MUSE cube were used to compute the optical depth ⌧ for the
luminosity absorption term, while the IR opacity term uses
a linear metallicity scaling of IR = Z/Z� ⇥ 10 cm2g�1. The
molecular gas surface density (⌃gas) was derived from the
moment zero CO maps from HERACLES. The luminosity
(and energy) of the photoionizing sources are directly output
by the SB99 model.

5.1.4 Photoionisation heating

The high temperature created by the ionization of the
gaseous cavity can exert an e↵ective pressure on the walls
of the surrounding region. This e↵ective pressure can be ex-
pressed in terms of the ionizing luminosity and temperature
as:

Pe f f = 5 ⇥ 10�10
✓

L

1041erg s�1

◆0.5 ✓
5 pc

rbub,min

◆1.5
T

8000K
. (5)

The momentum flux is subsequently expressed as €p =
4⇡r2

bub,min
Pe f f . The temperature is estimated using the

equivalent width of available emission lines in the MUSE
spectra:

T =
2.5 ⇥ 104

4⇡([OIII]4960 + [OIII]5007)(1/6.91) [K]. (6)

Figure 7. Variations in momentum flux due to di↵erent physi-
cal and sub-grid prescriptions. Top: E↵ect of metallicity changes
(blue, Z = 0.008; magenta, Z=0.020; red, Z=0.040) primarily im-
pact the stellar wind contribution. Middle: E↵ect of di↵erent sub-
grid feedback prescriptions for direct photon pressure coupling
and scattering in gas, used by various simulation groups (see Ap-
pendix A for details). Bottom: E↵ect of changing SFR in the
ring, as well as using a stellar library which includes AGB winds
(Padova), or using a Salpeter instead of Kroupa IMF.

Figure 7 shows the momentum flux for the four feedback
sources. The direct momentum injection from the young
massive stars ionizing radiation (⇠ ⌧L/c) is the energetically
dominant mechanism in this high metallicity regime.

5.2 Outflow Expansion Model

With these feedback prescriptions we can ask what is the
typical distance that a parcel of the cold molecular gas can
travel as a result of the stellar feedback. For this exercise the
SB99 energetics and feedback momentum fluxes are used in
conjunction with analytic models for SN (or any feedback)
driven bubble expansion. These bubble expansion models
consider three phases: (1) an explosive, velocity conserv-
ing free-expansion phase which continues until the swept up
mass in the ISM equals the ejected mass of the SNe; (2) an
energy conserving Sedov-Taylor phase which continues un-
til radiative loses become significant and cooling dominates;
and (3) a momentum conserving snowplow phase where the
material piles up into previous shells continuing radial ex-
pansion. The primary inputs to the models are: mean den-
sity of the ISM (n), ejected mass of the SNe and energy of

MNRAS 000, 1–23 (2015)
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Shell 
Expansion

• Is there enough energy 
from the star forming nuclear 
ring to move the molecular 
gas shell from the ring to its 
present day location? 

• STARBURST99 + analytic 
prescriptions for feedback 
and bubble expansion 
model, suggest energy is 
sufficient to reproduce the 
morphology over an 
expansion time of ~107 
years
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the initial explosion/source (which comes out of the SB99
and analytic feedback models, and includes dependencies on
the SFR, metallicity and dust opacity parameter ). The
relevant equations for the shell distance-time evolution are
shown in Appendix B.

As the dynamical arguments and simulations suggest a
non-gravitational origin of the transverse shell, we can now
ask if, and over what timescale, the observed feedback ener-
getics can move the transverse shell of cold gas/dust from
the nuclear ring to its current position.

Figure 8 shows the time evolution of the dusty molec-
ular gas shell, using the energy derived from the feedback
modeling (primarily SNe, photoionisation heating and radi-
ation pressure), in conjunction with simple bubble evolution
models. In these test models the shell typically takes ⇠ 107

years to expand to its current location, though the three bot-
tom panels in this figure show qualitatively how this changes
with di↵erences in the input SFR, surrounding ISM density,
or dust opacity factor.

Interestingly, the average expansion timescale is nearly
identical to the turbulent energy dissipation timescale of the
cold molecular gas at this position, as inferred from the CO
velocity dispersion (c.f., Stilp et al. 2013):

tdiss = 9.8 ⇥ 106
✓
�

100pc

◆ ✓
10kms�1

�CO

◆
[yr]. (7)

Given that a portion of the transverse shell appears radially
stalled (Figure 2), it may suggest that the CO feature is in
a semi-equilibrium state. If continued momentum injection
to the shell front increases the velocity dispersion, it will
dissipate on a proportionally quicker dissipation timescale.
It then may be natural to find a stalling radius where the
shell expansion time is closest to texpansion ' tdiss.

To better characterize the expansion time and degen-
eracies in parameters setting the bubble dynamics, we run
an MCMC analysis to ascertain if any qualitative constraints
on the original SFR, gas density, metallicity or opacity/re-
scattering factor are possible. The last parameter in particu-
lar could be of help for modeling (sub-grid) feedback in mod-
ern hydrodynamical galaxy simulations where the softening
length or smallest cell size of the simulation is approaching
our MUSE spatial resolution (⇠ 10 pc).

We draw parameters ✓ = (SFR, ⇢ISM, Z, IR) for each
bubble expansion model from a uniform set of priors. The
SFR and metallicity set the energy budget output by the
SB99 models, which with our feedback parameterizations,
describe the e↵ective work done on the shell by SNe, di-
rect photon pressure and subsequent photoionization heat-
ing. The shell is assumed to initially be at the location of
the H↵ SF ring, embedded in a density ⇢ISM . The avail-
able energy from SNe and direct photon pressure is then
used as input along with the gas density to compute the
time evolution of the dusty gas shell outwards, using the
analytic bubble expansion models. To account for continued
SFR during the shell’s expansion, each model is co-added to
an expansion model where the energy is solely produced by
photoionisation heating in the cavity, which this is incorpo-
rated as a contribution during the Sedov-Taylor phase of the
expansion before radiative losses take e↵ect (see Appendix
B for details).

Each evaluation of a model yields a timescale (tstall)
for the gas shell to travel to its maximum location (dstall)

Figure 8. Feedback driven bubble evolution models for various
initial gas densities (top panel), SFRs (middle panel) and dust
opacity coe�cients (I R , bottom panel). The vertical dashed lines
show the current location of the primary dust/gas shell which has
been blown out from the SF ring. Bottom three panels show the
time evolution of the shell for di↵erent model parameters. Grey
lines show the observed turbulent energy dissipation timescale for
the CO gas at that radius - similar to the likely expansion time
for the shell in NGC 3351.

for a given set of model parameters. To sample the dis-
tributions we use a modified IDL implementation of em-

cee, originally developed for python by Foreman-Mackey
et al. (2013), with 50 walkers running 200 simulations each.
The first 30% of the trials are discarded in order to ensure
the results are not dependent on the walker initialization.
The posterior distributions for the four model parameters
(SFR, ⇢ISM, Z, and IR), as well as the maximum radial
extent of the bubble expansion, and time when expansion
stalls are shown in Figure 9. The likelihood for each model
was computed by comparing the model bubble’s final radius
(Rf inal = dstall + (Rinitial = 220pc); where Rinitial is the
current galactocentric radius of the central H↵ SF ring) -
with the observed present day CO shell galactocentric ra-
dius, RCO = 738 ± 127 pc.

Figure 9 shows some of the most likely composite bubble
expansion models which reproduce the CO shell location,
and the posterior distributions for the model parameters.
Covariance plots between the model parameters are shown
in Figure D1 and are discussed in Appendix D. The most
likely models see the shell expand to its current location with
a timescale of log tstall = 6.8+0.1

�0.2 yr. The favoured initial
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from previous outflow events - though they could not fully
rule out the possibility that the outflow is expanding ver-
tically into the halo. We note that multiple outflow events
would be consistent with the pattern of additional transverse
shells seen to the north of the primary shell (Figures 1 and
11).

Swartz et al. (2006) did suggest that the planar compo-
nent of the outflow is indeed confined radially by the trans-
verse dust shell, as the X-ray emission is bounded by this
feature - similar to the H↵ emission we observe. They fur-
ther note that the unusual orientation of the dust lane with
respect to the bar lane means that it could have been gener-
ated during the outflow event - consistent with the dynam-
ical evidence presented here.

There are various analytic estimates of when a wind-
driven outflow may breakout vertically from the plane of a
galaxy. Using for example, the parameterization from the
study of Mac Low & McCray (1988), we estimate the prod-
uct of the mechanical luminosity and thermalization e�-
ciency, ⇠ €E, to be a factor of ⇠ 3 � 30 above their esti-
mated threshold for breakout. This calculation assumes a
scale height of H = 100 pc for the gas disk and uses the lu-
minosities and photoionisation pressures from the SB99 and
MUSE emission line diagnostics in the cavity. However the
question of vertical confinement of gas is sensitive to the as-
sumed scale height - for example a change to H = 200 pc
results in no breakout. We note that assuming hydrostatic
disk equilibrium (H =

p
2R�CO/VCO) with our observed CO

velocity dispersion favours H ⇠ 200 pc at the current loca-
tion of the shell - perhaps indicating the outflow has not
expanded far out of the disk.

This is supported by considering the location and shape
of the H↵ velocity dispersion peak in the outflow, relative to
the peak of the radial outflow velocity and CO/dust shell.
In Figure 4 we can see: 1) a spatial o↵set between the veloc-
ity dispersion maximum and the leading edge of the outflow
and 2) a similar curvature to the high velocity dispersion
ionized gas, as that of the CO shell. Both provide clues to
the geometry of the outflow. For an optically thin gas which
is undergoing expansion from the central ring, we can ask
where the maximum value in the projected line of sight ve-
locity dispersion should be for: a) the case of a spherically
expanding ionized gas cavity, and b) a planar confined ex-
pansion.

Appendix E shows the relevant equations to model
the line of sight velocity field and velocity dispersion. For
both geometries (spherical outflow, and vertically confined
planar outflow), we assume an outflowing velocity field of
V(R) = Rexp(R/Rmax), which is similar to the observed resid-
ual component of H↵ velocity in Figure 2. The vertically
confined outflow can be parameterized by a 3-D radius of
curvature, which in turn sets a critical opening angle in the
vertical (�) direction:

�max = arctan
✓

Rcurve

Rmax � Rcurve

◆
, (19)

where Rmax is the projected maximum extent of the outflow
on the sky. We assume that the projected radius of curvature
seen in the dust shell (§4.3.3) is representative of the 3-D
Rcurve. This yields an opening angle for the confined case
of �max = 29�. This would suggest a height above the disk

Figure 12. Top row: Radial component of the outflow velocity
(projected on the sky) for an outflow that is spherically expanding
(left), or vertically confined (right).Bottom Row: The line of sight
H↵ velocity dispersion in the two cases. The confined outflow
model shows an o↵set peak in the velocity dispersion in close
agreement with our observed kinematics. All velocities are shown
relative to the maximum value in the model velocity field, with
the grey and white contours indicating levels at 50% and 90% of
the maximum.

of h = 200 ± 50 pc for the outflow at the location of the CO
shell.

Figure 12 shows the projected LOS residual velocities,
and the LOS H↵ velocity dispersion in the two outflow cases.
While both residual velocity fields are consistent with our
observations (by construction), only the vertically confined
outflow model produces a well defined peak in velocity dis-
persion behind the leading front of the outflow - in excellent
agreement with the ⇠ 150 pc observed o↵set between the
�H↵ peak and the CO shell in Figure 4. This gives sup-
port to the above analytic arguments for the outflow being
partially confined in the vertical direction.

7 DISCUSSION

The observed gas kinematics, feedback models and simula-
tions all imply that the transverse CO shell is not gravita-
tional in nature, and that it is energetically feasible to have
been ejected from the nuclear ring by stellar feedback. Sub-
sequent sustained energy from SF in the ring could move the
ionized low density gas outwards in the cavity left behind,
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from previous outflow events - though they could not fully
rule out the possibility that the outflow is expanding ver-
tically into the halo. We note that multiple outflow events
would be consistent with the pattern of additional transverse
shells seen to the north of the primary shell (Figures 1 and
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nent of the outflow is indeed confined radially by the trans-
verse dust shell, as the X-ray emission is bounded by this
feature - similar to the H↵ emission we observe. They fur-
ther note that the unusual orientation of the dust lane with
respect to the bar lane means that it could have been gener-
ated during the outflow event - consistent with the dynam-
ical evidence presented here.

There are various analytic estimates of when a wind-
driven outflow may breakout vertically from the plane of a
galaxy. Using for example, the parameterization from the
study of Mac Low & McCray (1988), we estimate the prod-
uct of the mechanical luminosity and thermalization e�-
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tion of the shell - perhaps indicating the outflow has not
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This is supported by considering the location and shape
of the H↵ velocity dispersion peak in the outflow, relative to
the peak of the radial outflow velocity and CO/dust shell.
In Figure 4 we can see: 1) a spatial o↵set between the veloc-
ity dispersion maximum and the leading edge of the outflow
and 2) a similar curvature to the high velocity dispersion
ionized gas, as that of the CO shell. Both provide clues to
the geometry of the outflow. For an optically thin gas which
is undergoing expansion from the central ring, we can ask
where the maximum value in the projected line of sight ve-
locity dispersion should be for: a) the case of a spherically
expanding ionized gas cavity, and b) a planar confined ex-
pansion.

Appendix E shows the relevant equations to model
the line of sight velocity field and velocity dispersion. For
both geometries (spherical outflow, and vertically confined
planar outflow), we assume an outflowing velocity field of
V(R) = Rexp(R/Rmax), which is similar to the observed resid-
ual component of H↵ velocity in Figure 2. The vertically
confined outflow can be parameterized by a 3-D radius of
curvature, which in turn sets a critical opening angle in the
vertical (�) direction:

�max = arctan
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where Rmax is the projected maximum extent of the outflow
on the sky. We assume that the projected radius of curvature
seen in the dust shell (§4.3.3) is representative of the 3-D
Rcurve. This yields an opening angle for the confined case
of �max = 29�. This would suggest a height above the disk

Figure 12. Top row: Radial component of the outflow velocity
(projected on the sky) for an outflow that is spherically expanding
(left), or vertically confined (right).Bottom Row: The line of sight
H↵ velocity dispersion in the two cases. The confined outflow
model shows an o↵set peak in the velocity dispersion in close
agreement with our observed kinematics. All velocities are shown
relative to the maximum value in the model velocity field, with
the grey and white contours indicating levels at 50% and 90% of
the maximum.

of h = 200 ± 50 pc for the outflow at the location of the CO
shell.

Figure 12 shows the projected LOS residual velocities,
and the LOS H↵ velocity dispersion in the two outflow cases.
While both residual velocity fields are consistent with our
observations (by construction), only the vertically confined
outflow model produces a well defined peak in velocity dis-
persion behind the leading front of the outflow - in excellent
agreement with the ⇠ 150 pc observed o↵set between the
�H↵ peak and the CO shell in Figure 4. This gives sup-
port to the above analytic arguments for the outflow being
partially confined in the vertical direction.

7 DISCUSSION

The observed gas kinematics, feedback models and simula-
tions all imply that the transverse CO shell is not gravita-
tional in nature, and that it is energetically feasible to have
been ejected from the nuclear ring by stellar feedback. Sub-
sequent sustained energy from SF in the ring could move the
ionized low density gas outwards in the cavity left behind,
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most consistent with a 
planar expansion, with 
opening angle of ~35 
degrees



A consistent scenario?

• Direct photon pressure from SF 
ring could be responsible for 
moving the dusty molecular gas 
shell out from the ring initially. 

• Sustained SF/SNe maintains 
hot, low density ionised gas 
outflow in the cavity, which 
shocks when crossing 
underlying galaxy velocity field. 

•  Signatures of multiple 
episodes evident in co-located 
kinematic/morphological 
features
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Recovered SFHs
S1

S2

V2

V1

Figure 11. HST F555W-F814W greyscale image (left) showing the primary dust shell (S1), as well as a smaller secondary dust feature
(S2). The secondary shell has an associated ionized gas outflow kinematic signature (Vres,H↵ shown as coloured contours) and shows a
distinct SFH (right).

6.1 In-situ Condensation

McCourt et al. (2018) recently posited that a cold compo-
nent may condense in-situ in the outflow, if the hot gas
can shatter into droplets which isobarically cool on short
timescales. For our system, the ratio of the cooling time to
the crushing time for any clouds is tcool/tcrush ⇠ M = 2.
Therefore as our outflow is supersonic, we don’t expect this
condensation to occur - and even if it did, the entrainment
time (for the condensed gas to move with the hot flow) would
be a factor of three longer than the crushing time (see Table
1). In addition, the authors note that this process should
only move you from ionized to neutral gas, and may not ap-
ply to supersonic, self-gravitating molecular gas. Therefore
we can likely rule out in-situ condensation as an origin for
the molecular gas shell in NGC 3351.

6.2 Radiative Cooling

A radiative cooling scenario (e.g., Thompson et al. 2016) al-
lows for direct cooling of the ionized gas, under certain wind
mass loading factors. For our derived initial mass loading
factor (See §4.2) ⌘ = 0.37+4.5

�0.32 and given our measured SFR
and projected distance of the shell, we can solve for the cool-
ing and advection times of the gas following Thompson et al.
(2016):

logtcool / ⌘�3.2(Ri/Rf )0.27
R

2
i /SFR = 8.8 ± 3 (9)

logtadv / ⌘0.5Rf = 5.7 ± 0.5 (10)

Thompson et al. (2016) then give the critical radius
where radiative cooling would take over as:

Rcool / ⌘�2.92
R

1.79
i SFR

�0.789 (11)

0.1  Rcool  7000 kpc (12)

At first glance, the uncertainties in the modeled initial mass
loading factor do not constrain this cooling radius. Similarly,
if we ask the inverse question - what would be the SFR and
mass loading factor necessary to have the cooling radius at
the observed location of the CO shell, we find:

⌘crit / R
0.342
CO,obsR

0.613
i SFR

�0.27 � 2.5 (13)

log ⌃SFR,crit / R
0.267
i R

1.27
CO,obs⌘

�3.70 & 0.5+5
�1 (14)

The critical mass loading and SFR surface density nec-
essary for radiative cooling to dominate, are both within the
range of the values of ⌘ from our expansion models (e.g., the
grey parallelogram in Figure 10). However an independent
constraint on the mass loading factor can come from con-
sidering the fraction of mass in the outflow that is above
the escape velocity curve of the galactic potential. As out-
lined in Thompson & Krumholz (2016), even regions of the
ISM that are impacted by sub-Eddington momentum injec-
tion, can experience escape from the system if they are in
under-dense regions of the ISM. The Eddington ratio is then
implicitly related to a critical density in the ISM, such that
densities below this are susceptible to ejection:

h�i = L

hLeddi
=
⌃crit
h⌃i (15)

With this, Equation 16 of Thompson & Krumholz
(2016) allows us to solve for &, the mass fraction of gas
that will be ejected from the potential, given our observed
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• Molecular and neutral gas 
shells and ‘streamers’ seen in 
larger galactic-scale winds 
(e.g., Walter et al. 2017) . 

• Naively might expect the gas to 
be destroyed or heated on 
short timescales. 

• Can the molecular gas 
survive the hot, energetic 
outflow generated in our 
favoured feedback scenario?

• Lets evaluate three scenarios 
from literature…

Survival of the 
molecular gas



Survival of the 
molecular gas Condensation Scenario: Hot 

gas shatters into droplets, 
which cool isobarically even in 
outflows. Get “fog” of cold gas 
condensing in the outflow  
(e.g., McCourt et al. 2018) 

- Only gets you to neutral 
phase.  As outflow is 
supersonic, the cooling time is 
longer than ‘crushing’ and 
entrainment timescales. in-situ 
condensation not likely in this 
system.

4 R. Leaman et al.

Figure 1. HST WFC3 colour composite image of the central region of NGC 3351 made as part of the LEGUS survey
(https://legus.stsci.edu/) from F814W, F555W and F336W exposures. In the inset, the elliptical dust shells are evident as curved
transverse features expanding out from the bright nuclear ring, and orthogonal to the linear feeding lanes. The primary shell is coincident
with molecular gas emission in the ALMA moment 0 CO map (green contours).

We converted the ALMA cube to brightness tempera-
ture and constructed moment maps for the 12CO(1-0) line:
moment 0 corresponds to the integrated intensity, moment
1 is the intensity-weighted velocity field, and moment 2
represents the intensity-weighted velocity dispersion. We
integrated emission for channels in the window 114.8997-
115.0034GHz, using line-free channels to estimate the noise
(in the remaining range 114.8780-115.0690GHz). We use a
sigma-clipping method for moments 0 and 1, to avoid be-
ing biased by noise; our preferred maps use a threshold of
4�, where � is the rms noise in line-free channels and is
calculated on a pixel-by-pixel basis. It is important to im-
pose a threshold that depends on the position in the map,
as noise increases towards outer regions as a result of the
primary-beam correction. We have experimented with di↵er-
ent thresholds and di↵erent integration windows, confirming
that the maps are su�ciently robust for our purposes in the
areas of interest. For the moment 2 map we use the “win-
dow method” (Bosma 1981), which captures more low-level
emission, providing a better estimate of the real velocity
dispersion. We first impose a 4� threshold to identify pix-
els with significant emission, but then consider all emission
in those significant pixels, only limited by a window in fre-
quency. This window is iteratively expanded (starting from
the channel of peak emission) until the surrounding con-
tinuum emission converges according to the criterion from
Bosma (1981). We compared the resulting maps with the
13CO(1-0) observations from the ALMA Early Science Cy-

cle 2 project 2013.1.00634.S (PI: Adam Leroy), obtaining
qualitatively similar results.

2.3 Ancillary Imaging Data

Archival HST WFC3 images (Program ID 13364; PI
Calzetti) in the F336W and F814W filters were obtained
from the MAST archive. The original observations were
taken on 23/04/2014 and subsequently processed with As-
troDrizzle. The F814W and F336W images have exposure
times of 908 and 1062 seconds, respectively. A three-colour
HST composite image from the LEGUS survey (Calzetti
et al. 2015) is shown in Figure 1, with the ALMA CO mo-
ment 0 map plotted as well.

2.4 Kinematic Analysis

To constrain the large-scale CO rotation curve we ran the
task ROTCUR within Gipsy on the moment-1 map obtained
with HERACLES, which has a much larger field of view than
the ALMA observations. Given the relatively low spatial res-
olution of HERACLES, we assume that the moment-1 map
predominantly traces circular rotation and is not too a↵ected
by streaming motions. We performed an independent check
of the rotation curve by assuming di↵erent sets of input pa-
rameters for the systemic velocity (Vsys), inclination (i), po-
sition angle (PA), and the coordinates of the centre (x0, y0).
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Survival of the 
molecular gas Radiative Scenario: Certain 

mass loading factors are 
conducive to radiative cooling 
at radius Rcool  
(Thompson et al. 2016) 

- For cooling to occur at 
observed radius need: 
 

- Possible, but requires 
higher mass loading than 
limits implied by expansion 
model and escape velocity 
curve (< 0.13)
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Figure 9. Posterior distributions from the MCMC analysis of
our feedback driven shell expansion models. Median and 1-� con-
fidence intervals are indicated as dashed and dotted lines for the
parameters in the model (mean ISM density, SFR, metallicity,
and dust opacity coe�cient), as well as the recovered shell stalling
distance and time. Top panel shows the most likely model along
with 200 random models from the 99th% of trials.

density and metallicity are quite close to those derived from
our observations, though the SFR is a factor of 1.5� 6 lower
than the integrated SFR in the H↵ ring. However we measure
the SFR at present, and our derived SFHs (see Section 3.3
below) suggest the SFR might have been lower in the past.
Nevertheless, it appears that a stellar feedback origin for the
transverse dust and CO shell is quantitatively supported by
these models.

5.3 Initial Mass Loading Factors

Simulations of MW mass galaxies can show redshift zero
mass loading factors (⌘ = Mout/SFR) of below unity, while
at high redshift they may approach 10 (Muratov et al. 2015).
Our combined feedback and outflow models provide the
distance-time evolution of the shell, for a given model’s ini-
tial density and SFR. This provides all the necessary in-
gredients for an estimate of the initial mass loading factor,
which self-consistently powers the expansion of the shell to
the current location. These are shown schematically as the
coloured bands in Figure 10 for di↵erent input SFRs in a
model.

A conservative estimate of the initial mass loading fac-
tor can be taken from the observed molecular gas mass in
the shell and a constant observed outflow velocity of 50 km
s�1. This is indicated in Figure 10 as black lines.

The preferred shell expansion models suggest an initial
mass loading factor of 0.1 . ⌘ . 1 (grey parallelogram), sim-
ilar to what is seen in simulations of z=0 MW mass galaxies
in literature (c.f., Schroetter et al. 2016). Reassuringly, these
models lay within the permitted region on this diagram -
providing a strong consistency check.

The initial mass loading factor can be compared to ob-
servational estimates of the current mass outflow rate from

Figure 10. Mass-loading factor (mass outflow rate divided by
SFR) as a function of time from the combined SB99, feedback and
bubble evolution models (coloured lines). Shown as the dashed
grey line is the current mass-loading factor for the low density H↵
gas in the cavity between the CO shell and nuclear ring. Black
dotted line shows the necessary mass loading factor that would
have been required to initially eject the cold molecular gas shell
from the ring to its observed present day position if the current
outflow velocity is used. Grey polygon is the 1� region of our best
fit models.

the ring in NGC 3351 following Bouché et al. (2012), who
give, for a transverse sightline:

€Mout =
⌃gasb

2✓max
Vout2⇡[1 � cos✓max]. (8)

We compute this present day mass loading factor at b ⇠ 220
pc using the current ionized gas mass, and the maximal ob-
served radial component of the ionized gas velocity field
(Vrad ⇠ 70 km s�1), and assuming an opening angle of
✓max = 30�. This instantaneous mass loading factor for the
ionized gas is well below unity, not surprising given its low
density.

6 SUVIVAL AND FATE OF THE COLD GAS

While molecular and neutral gas streamers and shells have
been observed in much larger, galactic-scale winds (e.g.,
Walter et al. 2017), the genesis of cold molecular gas in
any energetic, ionized outflow is still debated. The cold gas
is naively expected to be crushed by shocks or heated by
conduction on timescales much less than the outflow travel
times. Here we consider the molecular shell which bounds
the cavity of H↵ emission (S1 in Figure 11) and which we
interpret as having been initially pushed out by stellar feed-
back in the context of three theoretical models for cold gas
survival/formation in outflows.
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Recovered SFHs
S1

S2
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V1

Figure 11. HST F555W-F814W greyscale image (left) showing the primary dust shell (S1), as well as a smaller secondary dust feature
(S2). The secondary shell has an associated ionized gas outflow kinematic signature (Vres,H↵ shown as coloured contours) and shows a
distinct SFH (right).

6.1 In-situ Condensation

McCourt et al. (2018) recently posited that a cold compo-
nent may condense in-situ in the outflow, if the hot gas
can shatter into droplets which isobarically cool on short
timescales. For our system, the ratio of the cooling time to
the crushing time for any clouds is tcool/tcrush ⇠ M = 2.
Therefore as our outflow is supersonic, we don’t expect this
condensation to occur - and even if it did, the entrainment
time (for the condensed gas to move with the hot flow) would
be a factor of three longer than the crushing time (see Table
1). In addition, the authors note that this process should
only move you from ionized to neutral gas, and may not ap-
ply to supersonic, self-gravitating molecular gas. Therefore
we can likely rule out in-situ condensation as an origin for
the molecular gas shell in NGC 3351.

6.2 Radiative Cooling

A radiative cooling scenario (e.g., Thompson et al. 2016) al-
lows for direct cooling of the ionized gas, under certain wind
mass loading factors. For our derived initial mass loading
factor (See §4.2) ⌘ = 0.37+4.5

�0.32 and given our measured SFR
and projected distance of the shell, we can solve for the cool-
ing and advection times of the gas following Thompson et al.
(2016):

logtcool / ⌘�3.2(Ri/Rf )0.27
R

2
i /SFR = 8.8 ± 3 (9)

logtadv / ⌘0.5Rf = 5.7 ± 0.5 (10)

Thompson et al. (2016) then give the critical radius
where radiative cooling would take over as:

Rcool / ⌘�2.92
R

1.79
i SFR

�0.789 (11)

0.1  Rcool  7000 kpc (12)

At first glance, the uncertainties in the modeled initial mass
loading factor do not constrain this cooling radius. Similarly,
if we ask the inverse question - what would be the SFR and
mass loading factor necessary to have the cooling radius at
the observed location of the CO shell, we find:

⌘crit / R
0.342
CO,obsR

0.613
i SFR

�0.27 � 2.5 (13)

log ⌃SFR,crit / R
0.267
i R

1.27
CO,obs⌘

�3.70 & 0.5+5
�1 (14)

The critical mass loading and SFR surface density nec-
essary for radiative cooling to dominate, are both within the
range of the values of ⌘ from our expansion models (e.g., the
grey parallelogram in Figure 10). However an independent
constraint on the mass loading factor can come from con-
sidering the fraction of mass in the outflow that is above
the escape velocity curve of the galactic potential. As out-
lined in Thompson & Krumholz (2016), even regions of the
ISM that are impacted by sub-Eddington momentum injec-
tion, can experience escape from the system if they are in
under-dense regions of the ISM. The Eddington ratio is then
implicitly related to a critical density in the ISM, such that
densities below this are susceptible to ejection:

h�i = L

hLeddi
=
⌃crit
h⌃i (15)

With this, Equation 16 of Thompson & Krumholz
(2016) allows us to solve for &, the mass fraction of gas
that will be ejected from the potential, given our observed
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Survival of the 
molecular gas Magnetic Scenario: 

Magnetic field lines 
permeating through dusty 
cold gas, help keep it from 
disrupting, and prevent 
conductive heating  
(McCourt et al. 2015)  
 
-B-field produces drag force 
on expanding gas shell, 
imparts radius of curvature.  
From imaging, can measure 
Rcurve, yields estimate of: 
B ~ 330 μG.     
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Eddington ratio and Mach number for the outflow. Us-
ing our values for the H↵ mass and luminosity, we find
� = 0.014, and for 2  M  60, a corresponding value of
1.31 ⇥ 10�4  &(�)  1.30 ⇥ 10�3. This is in good agreement
with our MUSE observations, which show that only 5⇥10�5

of the total H↵ flux is moving faster than the local escape
velocity. With a star formation e�ciency per free-fall time of
✏ f f = 0.01 (Krumholz 2014), we can produce an independent
constraint constraint on the mass loading factor (⌘ = &/✏ f f )
of 0.013  ⌘  0.13.

This independent constraint on ⌘ is below the criti-
cal mass-loading factor necessary to aid radiative cooling
(⌘crit � 2.5), and thus we suggest that a radiative cooling
origin for the cold gas is plausible in general, but unlikely
in NGC 3351 given the low SFR and column densities, and
short travel time and distance. In addition, the short con-
duction times suggest that the temperature structure within
the inner part of the cavity (⇠ 104 yr) will be homogenized
e�ciently, perhaps inhibiting either cooling or condensation
scenarios.

6.3 Magnetic Entrainment

Finally we consider the survival of the molecular gas in the
context of our favoured dynamical scenario (§3) - that the
molecular gas was launched from the central ring primarily
by direct photon pressure operating on the dust. The molec-
ular gas can be aided in its survival during such an outflow,
by the galaxy’s magnetic field lines (McCourt et al. 2015).
These would initially be wound through the dusty ISM in
the ring, and could prevent the molecular shell from dis-
rupting as it is pushed out, while also inhibiting conductive
heating.

To further test the feasibility of this scenario we follow
the arguments of McCourt et al. (2015), who noted that the
molecular shell feels a drag force as it expands outwards,
due to the magnetic field lines - akin to pushing against a
net. The magnetic field lines in the molecular shell would
therefore impart a radius of curvature to the outflow front
of:

Rcurve ⇠
✓

VAl f vén

Vout f low

◆2
Rcloud (16)

From the HST and ALMA images, the primary dust
and molecular gas shell has an observed radius of curvature
which we measure to be Rcurve = 340 pc. Using the measured
outflow velocity from our H↵ gas, and a typical width to the
shell of Rcloud = 40 pc, we find the Alfvénic velocity to
be VAl f vén = 235 km s�1. With this we can solve for the
magnetic field strength necessary to impart such a radius of
curvature in the expanding molecular gas shell:

B = VAl f vén(4⇡⇢)1/2 = 330 ± 20µG (17)

For comparison Thompson et al. (2006) argue that
galaxies should have an equilibrium magnetic field value
which can help support disk self-gravity, which at the lo-
cation of the ring in NGC 3351 would correspond to:

Beq ⇠ (8⇡2
G)1/2⌃gas = 324µG (18)

This is in excellent agreement with our geometrically and
dynamically derived value. There are no direct observations

Table 1. Relevant gas timescales at the outflow front.

Timescale Value Notes

Outflow Stalling §3.2, Appendix B
log texp 6.8+0.1

�0.2

Turbulent Dissipation Equation 7
log tdiss 6.9+0.2

�0.1

Crushing McCourt et al. (2018)
log tcrush 6.3+0.4

�0.6

Entrainment McCourt et al. (2015)
log tentr 6.9+0.7

�1.0

Cooling Equation 10
log tcool 8.4 for ⌘ = 0.3

Advection Equation 11
log tadv 5.7 for ⌘ = 0.3

Conduction Thompson & Krumholz (2016)
log tcond 4.9 w/o B-fields

of the magnetic field strength in NGC 3351, however in-
direct inferences from Thompson et al. (2006) suggested
Bmin � 50µG. However, these authors argue strongly that
in starburst galaxies the ambient magnetic field is likely al-
ways larger than this minimum. As an upper bound, Equa-
tion 1 of López et al. (2017) suggests Bmax  345µG, which
with Bmin above, nicely bounds the geometrically derived B,
and the theoretically motivated Beq . Finally we note that
the necessary magnetic field strength in this scenario is also
consistent with the values of the fast shock models which
reproduce our emission line ratios in Figure 5.

Of the three scenarios for molecular gas forma-
tion/survival considered, we therefore favour the picture
where the cold gas/dust was aided in survival during its feed-
back driven outflow from the central ring, by entrained mag-
netic fields. This picture is consistent with our observations
and energetic modeling of the outflow history (§3). It would
also reconcile the short conduction timescales (tcond ⇠ 104

yr), which derived in the absence of magnetic fields, may be
significantly less than in the presence of strong field lines
(Thompson & Krumholz 2016).

As a final summary, Table 1 shows several observed and
derived relevant timescales for the primary outflow feature
in NGC 3351.

6.4 Geometry and fate of the outflow

At all radii the velocity dispersion of the ionized gas falls
below the escape velocity of the the galaxy, as derived from
our JAM models and CO circular velocity curves. As men-
tioned in the previous section, only a small fraction (⇠ 10�4)
is escaping the total potential of the galaxy.

As noted by Swartz et al. (2006), due to the inclina-
tion of NGC 3351 it is uncertain as to whether the outflow
(observed in their study as X-ray emission in the cavity) is
expanding spherically or within the plane. While naively one
would expect expansion to be easier in the vertical direction,
they suggest the outflow could be bounded in the plane of
the disk - perhaps confined by ambient gas in a halo leftover
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Summary and Implications

• Stellar feedback can have 
substantive effect on underlying 
gas morphology and dynamics. In 
this system the central region has 
an energy budget comparable to 
low luminosity AGN.  

• Survival of the molecular gas in this 
energetic outflow is possibly aided 
by magnetic fields. 

• Similar features in other systems 
may allow for differential constraints 
on stellar feedback efficiency as a 
function of host galaxy SFR, mass.

14 R. Leaman et al.

Recovered SFHs
S1

S2

V2

V1

Figure 11. HST F555W-F814W greyscale image (left) showing the primary dust shell (S1), as well as a smaller secondary dust feature
(S2). The secondary shell has an associated ionized gas outflow kinematic signature (Vres,H↵ shown as coloured contours) and shows a
distinct SFH (right).

6.1 In-situ Condensation

McCourt et al. (2018) recently posited that a cold compo-
nent may condense in-situ in the outflow, if the hot gas
can shatter into droplets which isobarically cool on short
timescales. For our system, the ratio of the cooling time to
the crushing time for any clouds is tcool/tcrush ⇠ M = 2.
Therefore as our outflow is supersonic, we don’t expect this
condensation to occur - and even if it did, the entrainment
time (for the condensed gas to move with the hot flow) would
be a factor of three longer than the crushing time (see Table
1). In addition, the authors note that this process should
only move you from ionized to neutral gas, and may not ap-
ply to supersonic, self-gravitating molecular gas. Therefore
we can likely rule out in-situ condensation as an origin for
the molecular gas shell in NGC 3351.

6.2 Radiative Cooling

A radiative cooling scenario (e.g., Thompson et al. 2016) al-
lows for direct cooling of the ionized gas, under certain wind
mass loading factors. For our derived initial mass loading
factor (See §4.2) ⌘ = 0.37+4.5

�0.32 and given our measured SFR
and projected distance of the shell, we can solve for the cool-
ing and advection times of the gas following Thompson et al.
(2016):

logtcool / ⌘�3.2(Ri/Rf )0.27
R

2
i /SFR = 8.8 ± 3 (9)

logtadv / ⌘0.5Rf = 5.7 ± 0.5 (10)

Thompson et al. (2016) then give the critical radius
where radiative cooling would take over as:

Rcool / ⌘�2.92
R

1.79
i SFR

�0.789 (11)

0.1  Rcool  7000 kpc (12)

At first glance, the uncertainties in the modeled initial mass
loading factor do not constrain this cooling radius. Similarly,
if we ask the inverse question - what would be the SFR and
mass loading factor necessary to have the cooling radius at
the observed location of the CO shell, we find:

⌘crit / R
0.342
CO,obsR

0.613
i SFR

�0.27 � 2.5 (13)

log ⌃SFR,crit / R
0.267
i R

1.27
CO,obs⌘

�3.70 & 0.5+5
�1 (14)

The critical mass loading and SFR surface density nec-
essary for radiative cooling to dominate, are both within the
range of the values of ⌘ from our expansion models (e.g., the
grey parallelogram in Figure 10). However an independent
constraint on the mass loading factor can come from con-
sidering the fraction of mass in the outflow that is above
the escape velocity curve of the galactic potential. As out-
lined in Thompson & Krumholz (2016), even regions of the
ISM that are impacted by sub-Eddington momentum injec-
tion, can experience escape from the system if they are in
under-dense regions of the ISM. The Eddington ratio is then
implicitly related to a critical density in the ISM, such that
densities below this are susceptible to ejection:

h�i = L

hLeddi
=
⌃crit
h⌃i (15)

With this, Equation 16 of Thompson & Krumholz
(2016) allows us to solve for &, the mass fraction of gas
that will be ejected from the potential, given our observed
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