
MNRAS 000, 1–11 (2022) Preprint 13 January 2022 Compiled using MNRAS LATEX style file v3.0

Stellar winds and photoionization in a spiral arm

Ahmad A. Ali★, Thomas J. R. Bending and Clare L. Dobbs
Department of Physics and Astronomy, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

Accepted 2021 December 27. Received 2021 December 10; in original form 2021 October 18

ABSTRACT
The role of different stellar feedback mechanisms in giant molecular clouds is not well understood. This is especially true for
regions with many interacting clouds as would be found in a galactic spiral arm. In this paper, building on previous work by
Bending et al., we extract a 500 × 500 × 100 pc section of a spiral arm from a galaxy simulation. We use smoothed particle
hydrodynamics (SPH) to re-simulate the region at higher resolution (1M� per particle). We present a method for momentum-
driven stellar winds from main sequence massive stars, and include this with photoionization, self-gravity, a galactic potential,
and ISM heating/cooling. We also include cluster-sink particles with accretion radii of 0.78 pc to track star/cluster formation.
The feedback methods are as robust as previous models on individual cloud scales (e.g. Dale et al.). We find that photoionization
dominates the disruption of the spiral arm section, with stellar winds only producing small cavities (at most∼ 30 pc). Stellar winds
do not affect the resulting cloud statistics or the integrated star formation rate/efficiency, unlike ionization, which produces more
stars, and more clouds of higher density and higher velocity dispersion compared to the control run without feedback. Winds do
affect the sink properties, distributing star formation over more low-mass sinks (∼102M�) and producing fewer high-mass sinks
(∼103M�). Overall, stellar winds play at best a secondary role compared to photoionization, and on many measures, they have
a negligible impact.

Key words: hydrodynamics – stars: massive – stars:formation – HII regions – ISM: clouds – ISM: bubbles

1 INTRODUCTION

Star formation takes place in giant molecular clouds (GMCs). Mas-
sive stars above 8M� feed energy and momentum back into GMCs,
through processes such as photoionization, stellar winds, radiation
pressure, and supernovae (SNe). Further star formation may be in-
duced by feedback through the compression of gas reservoirs, fol-
lowed by fragmentation (Elmegreen & Lada 1977; Whitworth et al.
1994). However, star formation could also be hindered if the feed-
back processes heat or disperse the gas instead (Krumholz et al. 2007;
Bate 2009; Walch et al. 2012). Such processes must be understood
in order to explain the inefficiency of star formation, wherein only a
few per cent of the mass in GMCs is converted into stars (Lada &
Lada 2003).
Over the lifetime of a massive star (∼3 to 10Myr), the expan-

sion of shells and the flow of turbulent gas will reach length scales
beyond the individual cloud size (∼10 pc), meaning there will be in-
teractions between neighbouring molecular clouds. Furthermore, the
GMCs themselves are only component parts of a dynamically evolv-
ing galactic environment, as clouds are subject to a global potential
and shear which will affect their formation and evolution (Dobbs &
Pringle 2013).
Until recently, simulations have focused either on individual cloud

scales or global galactic scales. The former allows (sub-)parsec res-
olution of star formation or feedback, and has given insight into gas
expulsion (e.g. Walch et al. 2012; Colín et al. 2013; Rogers & Pittard
2013; Ali et al. 2018; Ali & Harries 2019; Ali 2021), turbulence
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driving (Gritschneder et al. 2009; Medina et al. 2014; Sartorio et al.
2021), and the efficiency of star formation (Dale et al. 2014; Geen
et al. 2018; Kim et al. 2018). However, this almost always involves
simplified initial conditions such as spherical clouds, turbulent ve-
locity fields tuned to provide the required boundness, and evolution
occurring in isolation without external terms such as gravitational
potentials, mass inflow, or radiation fields.
The opposite is true for simulations of Milky Way-mass galaxies

(e.g. Agertz et al. 2013; Dobbs & Pringle 2013; Smith et al. 2020;
Pettitt et al. 2020), which do model the properties of and interaction
between neighbouring GMCs, but rely on subgrid models for star
formation and feedback processes in order to run for 100s of Myr.
It is usually assumed that SN feedback is the dominant mechanism
on galactic scales, allowing pre-SN processes to be neglected. For
example, implementations of feedback may involve randomised in-
puts of energy which are not tied to stellar properties such as mass
or lifetime. Furthermore, radiative transfer is computationally ex-
pensive and is often neglected on large scales. However, as methods
improve, numerical studies on galactic scales are increasingly high-
lighting the importance of pre-SN feedback in the form of radiation
and continuous stellar winds (Hopkins et al. 2018). This is also the
indication from observations, e.g. Chevance et al. (2020) who in-
ferred GMC dispersal time-scales of a few Myr and lifetimes of the
order of 10Myr, by measuring the spatial (de)correlation of clouds
and stars in nearby disc galaxies.
Photoionizing feedback has been included in many 3D numeri-

cal studies of GMCs over the last decade (e.g. Dale et al. 2005;
Mellema et al. 2006; Peters et al. 2010; Arthur et al. 2011; Walch
et al. 2012; Colín et al. 2013; Geen et al. 2015; Howard et al. 2016;
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Gavagnin et al. 2017; Ali et al. 2018; Kim et al. 2018; Zamora-
Avilés et al. 2019; Vandenbroucke & Wood 2019; Bending et al.
2020; Fukushima et al. 2020; Sartorio et al. 2021). However, fewer
studies have focused on stellar winds (Dale & Bonnell 2008; Rogers
& Pittard 2013; Rey-Raposo et al. 2017; Offner & Liu 2018;Wareing
et al. 2018), particularly in combination with radiation (Dale et al.
2014; Ngoumou et al. 2015; Haid et al. 2018; Geen et al. 2021).
Winds are a difficult problem to solve computationally due to the
extreme temperatures (107 K) and velocities (103 km s−1) involved,
as well the radiative processes required to model the cooling of hot,
shocked gas (and the spatial resolution needed to resolve this).
The theoretical model of Weaver et al. (1977) describes the inter-

action of a stellar wind with the ISM, with a free-streaming wind
in the innermost region, followed by shocked wind material, then
a swept-up shell of shocked ISM gas, finally bounded by the ambi-
ent ISM. In this picture, the bubble expands adiabatically as radiative
cooling is inefficient for the hot, low-density shocked wind. However,
instabilities at the contact discontinuity between the shocked wind
and cold, high-density shocked ISM could lead to mixing of the two
phases, allowing the shocked wind to cool (Capriotti & Kozminski
2001). With efficient cooling, the expansion of the bubble is driven
by the ram pressure of the free-streaming wind colliding with the
mixed shell. This has been found to occur in simulations of turbulent
clouds by Geen et al. (2021) and Lancaster et al. (2021a). This ex-
treme case permits simpler implementations of feedback in the form
of momentum-conserving winds (Dale & Bonnell 2008).
Observational measurements have generally inferred the role of

stellar winds to be secondary to photoionization. This has been found
for regions in the Magellanic Clouds by computing pressure terms
from X-ray emission, which traces shocked wind gas, and tracers
of ionized gas such as radio free-free emission or optical forbidden
lines (Lopez et al. 2011, 2014; McLeod et al. 2019, 2020). This is
not always the case, however – for example, Pellegrini et al. (2011)
concluded that winds were the dominant mechanism in the same
region studied by Lopez et al. (2011). The situation is made more
complex by X-ray results typically having large uncertainties com-
pared to optical or radio measurements; furthermore, the relative
scarcity of X-ray observations, combined with extinction, makes this
analysis difficult even within the Milky Way (Barnes et al. 2020;
Olivier et al. 2021). Therefore, it is still not fully certain how stellar
winds and photoionization compare in terms of setting the dynamics
in star-forming regions.
In a series of papers beginning with Bending et al. (2020), we in-

vestigate the intermediate scale between cloud and galaxy.We extract
a section of a spiral arm from a Milky Way-like galaxy simulation,
increase the resolution, and add feedback physics matching the com-
plexity of cloud-scale models (e.g. Dale et al. 2014). Bending et al.
(2020) detail the method for extraction and increasing resolution,
and describe a ray-tracing method for photoionizing radiation emit-
ted by cluster-sink particles. In this paper, we implement a method
for stellar winds driven by ram pressure and apply it in the extracted
spiral section. We compare winds with and without photoionization,
providing a more detailed picture of pre-SN feedback in interacting
GMCs.

2 NUMERICAL METHODS

We use the smoothed particle hydrodynamics code sphNG, which
originated with Benz et al. (1990) and Benz (1990), and was substan-
tially modified by Bate et al. (1995) and Price & Monaghan (2007).

Table 1. Cluster-sink bins of stellar mass𝑀 , ionizing photon production rate
𝑄, and wind mass loss rate ¤𝑀 .

𝑀 (M�) log𝑄 (s−1) log ¤𝑀 (M� yr−1)
19.3 47.7 -7.60
21.2 48.0 -7.37
23.3 48.3 -7.16
25.5 48.5 -6.96
28.0 48.6 -6.77
30.9 48.7 -6.58
34.2 48.9 -6.40
37.6 49.1 -6.23
41.1 49.2 -6.09
45.3 49.3 -5.95
50.6 49.4 -5.79
56.5 49.5 -5.65
62.4 49.6 -5.52
69.0 49.7 -5.40
87.6 49.9 -5.14

Full details of the initial conditions and cluster-sink particle setup
can be found in Bending et al. (2020) – we provide a summary here.

2.1 Initial conditions

The initial conditions were extracted from a simulation by Dobbs
& Pringle (2013) of a spiral galaxy. The galaxy was modelled
using a 2.5 × 109M� gas disc subject to a potential represent-
ing a galaxy with a two-arm spiral potential (Binney & Tremaine
2008; Cox & Gómez 2002). This evolved for about 300Myr with a
mass resolution of 312.5M� per particle, and included self-gravity,
ISM heating/cooling, H2 and CO chemistry, and injections of en-
ergy representing supernova events (Dobbs et al. 2011). Bending
et al. (2020) extracted a section of a spiral arm with dimensions
∼ 500 × 500 × 100 pc and mass 4 × 106M� (named ‘SR’ in that pa-
per). They also enhanced the resolution to 1M� per particle, permit-
ting the creation of cluster-sink particles for tracking star formation.
The zoomed-in model was then evolved including self-gravity, and
the same heating/cooling and chemistry as the global galaxy model
(Glover & Mac Low 2007; Dobbs et al. 2008). However, instead
of SNe, the feedback for the zoomed-in model was photoionization
from cluster-sinks. We use the same setup in this paper.

2.2 Cluster-sink particles

These zoom-in models include sink particles which represent (sub-
)clusters of stars. Sinks are formed according to the criteria laid out
by Bate et al. (1995). For our chosen resolution, the highest density
for which the Jeans mass can be resolved is 1.2 × 104 cm−3, which
we set as a first density criterion for sink formation. We include a
second threshold of 1.2 × 106 cm−3 above which sink formation is
forced. The sink accretion radius is 0.78 pc.
When the total mass accreted over all sinks reaches 305M� , a

massive star is added to whichever sink has the highest mass com-
prised of non-massive stars. 50 per cent of the sink mass is available
for star formation. If no sink has enough mass to accept the star,
the process is delayed. The massive star is taken from a pre-sampled
Kroupa (2001) initial mass function (IMF). The ordering of stars
used in this paper is the same as the models of Bending et al. (2020).
See also Sormani et al. 2017 and Geen et al. 2018 for similar cluster-
sink implementations. The massive stars are binned by spectral type
and representative stellar properties (e.g. mass, ionizing flux) are cal-
culated for each bin – these are shown in Table 1. For this paper, we
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Figure 1. Toy models showing the fraction of the momentum (𝑤𝑖/
∑

𝑗 𝑤𝑗

in equation (2)) received by 50 evenly-spaced particles with 𝑅 = 10 pc and
different starting points.

create representative mass-loss rates ( ¤𝑀) for the stellar winds. The
mass-loss rates are calculated using the MESA Isochrones & Stellar
Tracks (MIST; Choi et al. 2016) for solar metallicity with no rotation.
For each bin mass, we use the MIST tables to create an interpolated
¤𝑀 track over 3 Myr, and then take the mean over time as the ¤𝑀 for
that bin. We set the wind terminal velocity 𝑣∞ = 2000 km s−1 in all
bins.

2.3 Photoionization

Weuse a similarmethod asDale et al. (2007). Full details are provided
by Bending et al. (2020). Photoionization equilibrium is calculated
along lines of sight (LOS) between gas particles and ionizing sources
– the rate of photoionization due to the flux received by each particle
(diluted by particles along the LOS) is balanced by the recombination
rate at the density of that particle. Along each LOS, we count all par-
ticles whose smoothing length overlaps the LOS. For each particle,
we treat multiple sources by adding up their individual contributions
to the change in ionization fraction. Ionized gaswhich stops receiving
ionizing radiation becomes neutral at the recombination time-scale
for that density. We use the on-the-spot approximation with the case
B recombination coefficient 𝛼B = 2.7 × 10−13 cm3 s−1, and take the
ionized gas temperature to be 104 K. We limit the LOS to 100 pc to
alleviate the computational expense so that we can evolve models
containing hundreds of ionizing sources over several Myr.

2.4 Stellar winds

We model stellar winds as a ram pressure exerted on to gas particles
near sinks. This assumes the wind bubble has cooled such that the
expansion is in the momentum-conserving ‘snowplough’ phase at
the scales we simulate here. This assumption has often been taken
by studies of individual clouds (e.g. Dale & Bonnell 2008; Dale
et al. 2013, 2014; Ngoumou et al. 2015; Rey-Raposo et al. 2017;
Zier et al. 2021). Recent models by Lancaster et al. (2021a,b) show
efficient radiative cooling via turbulent mixing of hot wind material
with molecular clouds on the parsec scale, lending support to this
assumption, especially at larger scales.
Our implementation is based on similar methods by Ngoumou
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Figure 2.Expansion of a thin shell in a uniform-densitymediumwith constant
wind mass-loss rate. We test three particle resolutions. The line shows the
analytical solution.

et al. (2015) and Rey-Raposo et al. (2017). We split the volume
around each sink using the HEALPix scheme (Górski et al. 2005),
which effectively creates rays emanating radially outwards from the
sink. We set the number of rays, 𝑁rays, to 48. In each ray, we identify
the 50 nearest gas particles (or if there are less than 50, for example
if the sink is near the edge of the computational volume, then we
select all particles). The number of particles selected in a ray is 𝑁w.
The total wind momentum per unit time ( ¤𝑀𝑣∞) is distributed evenly
over the rays, and then distributed over the selected particles in each
ray according to a weighting factor which depends on distance to
the sink, with nearer particles receiving a larger fraction of the ray
momentum. The weighting factor for particle 𝑖 is

𝑤𝑖 =
1
𝑟2
𝑖

(𝑟𝑖 − 𝑅)2

𝑅2
(1)

where 𝑟𝑖 is the distance to particle 𝑖, and 𝑅 = 𝑟𝑁w (the distance to the
furthest selected particle in the ray). The force exerted on particle 𝑖
is then

𝑚𝑖𝑎𝑖 =
¤𝑀𝑣∞
𝑁rays

𝑤𝑖∑𝑁w
𝑗=1 𝑤 𝑗

. (2)

The effect of the normalised weighting factor is shown in Fig. 1 for
a toy model with 50 evenly spaced particles. Particles closer to the
origin receive a larger share of the momentum; the closer a particle
is to the origin, the more pronounced this becomes. This results
in a wind bubble which expands from the inside out. As with the
photoionization algorithm, we only apply winds within a distance
limit of 100 pc around a sink.

2.4.1 Single star in a uniform medium

To test the stellar wind method, we place a single star in the centre of
a uniform-density cloud. The wind ram pressure drives the expansion
of a thin shell through the cloud – frommomentum conservation, the
shell position as a function of time is given by

𝑅(𝑡) =
(
3
2𝜋

¤𝑀𝑣∞
𝜌0

)1/4
𝑡1/2 (3)
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(Lamers & Cassinelli 1999; Capriotti & Kozminski 2001) where 𝜌0
is the initial density of the ambient medium, ¤𝑀 is the wind mass-loss
rate, and 𝑣∞ is the wind terminal velocity. We place the star in a
cloud of mass 5 × 105M� , radius 54.42 pc, density 𝜌0 = 30 cm−3,
and temperature 10K (with an isothermal equation of state). The
wind parameters are ¤𝑀 = 10−5M� yr−1 and 𝑣∞ = 2000 km s−1.
The result of the test at different resolutions is shown in Fig. 2.
The shell radius is calculated by taking a density-weighted mean
of particle positions which have 𝜌 > 1.2𝜌0. The error bar distance
in each direction is half the distance between the shell radius and
cavity radius. Points are absent if the shell radius is not well defined
(i.e. there are no particles with density above 1.2𝜌0). All particle
resolutions track the time-evolution accurately. However, it takes
more time at lower resolutions for the thin dense shell to become
well defined by our definition.

2.5 Spiral section model parameters

We compare stellar winds with photoionization in the spiral arm sec-
tion described in section 2.1. One model contains both processes,
and one model includes just winds. We compare our results with the
equivalent models by Bending et al. (2020): one with just photoion-
ization (named in that paper as ‘SR_50%’), and one with no feedback
(‘SR’). The results are presented in the following section.

3 RESULTS

Figs. 3 and 4 show snapshots of column density and density cross-
section, respectively, at three different times. Ionization breaks up
material in the spiral arm, and makes the diffuse gas smoother. Mod-
els with ionization have sink particles more spread out compared to
models without ionization. The model with just winds is very similar
to the no-feedback model, except with bubbles around massive stars
(particularly seen in the cross-section images). The effect is similar
for the model with both feedback mechanisms – winds create bub-
bles whilst ionization is responsible for disrupting the spiral arm.
Thus stellar winds have only a small-scale effect on the morphology
of the gas, whereas the impact of ionization is felt over the whole
region. This also means wind bubbles require cross-sections to be
easily identified – they are not readily apparent in column density,
except when the bubble is relatively isolated (such as the arcs in the
top left of the ‘wind’ column of Fig. 3). When ionization heating is
not included, the wind shell is denser and thinner.
The differences in morphology can be seen more clearly in Fig. 5,

which focuses on a particular star-forming region. The wind-only
model forms a well-defined shell around a cleared-out bubble sur-
rounding the central cluster. The ionization-only model, however,
is able to disrupt the entire region, including the neighbouring fil-
amentary structure to the right of the frame. High-density gas is
also disrupted, with the morphology taking the form of knots rather
than coherent filaments. This model contains smooth, diffuse gas
around the cluster, while the wind model has a more excavated bub-
ble bounded by sharp density gradient. Themodel with both feedback
mechanisms most closely resembles the ionization-only model, with
the addition of a cavity in the diffuse, ionized gas. In this case, the
wind cavity is not bounded by a sharp density gradient, as the ex-
ternal medium has a larger pressure – i.e. the wind ram pressure is
going into a warm, ionized medium instead of a cold, neutral one.
When put together, photoionization dominates the evolution of the
region, while stellar winds only affect the ionized gas component.

This behaviour is also seen by Dale et al. (2014), who modelled the
two feedback processes in individual molecular clouds.

3.1 Wind bubbles

Stellar winds create cavities around massive stars, which can been
seen in the density maps in Fig. 4. In this section, we characterise the
size and evolution of these cavities.
At 5.66Myr, we locate the sink particle which has the largest wind

¤𝑀 in the combined-feedback model (5.8 × 10−5M� yr−1). We then
find the equivalent sink in the other feedback models such that the
same region of space is analysed – in the ionization-only model, this
is the sinkwith the highest flux (1.5 × 1051 s−1), and in the wind-only
model, it is the sink with the second largest ¤𝑀 (5.4 × 10−5M� yr−1).
The sink positions are marked with a yellow X in Figs. 4 and 5. We
track these sinks at earlier and later times, and estimate the cavity
sizes.
We define the impact radius, 𝑅imp, as the distance between the

tracked sink and its nearest gas particle. This is the smallest radius
where the stellar wind first collides with the ISM (or would do
if winds were switched on). The time-evolution of 𝑅imp is shown
in Fig. 6. The dotted lines show equation (3), which assumes the
expansion of a spherically symmetric bubble into a uniform density
medium with a constant ¤𝑀 . They are provided as idealised points of
reference to compare with the measured 𝑅imp – the actual regions
have inhomogenous density profiles and varying ¤𝑀 , so the measured
results are not expected to follow these analytical lines. Lines are
shown for densities 𝜌0/𝑚H between 102 and 106 cm−3, with ¤𝑀 =

4 × 10−5M� yr−1 (which is the mean ¤𝑀 over time for the chosen
sink particles; for simplicity in the figure, we do not plot lines of
different ¤𝑀).
The combined-feedback model grows the largest cavity, with

𝑅imp = 23 pc after approximately 4Myr of evolution. The wind-
only model ends with a smaller cavity of size 14 pc. The final radii
are similar towhat would result from evolving a constant wind in den-
sities of 102 and 103 cm−3, respectively. The ionization-only model
has a negligible cavity throughout (< 2 pc).
Fig. 7 shows the probability density function (PDF) of 𝑅imp for

all feedback-producing sink particles at 5.66Myr. The PDF is nor-
malised by the total number of feedback sinks multiplied by the bin
width, with the integral of the PDF equalling unity. Note that this is
not a distribution of cavity sizes, but of the distance to the first de-
position of wind momentum for all feedback sinks (some sinks may
lie in the same cavity). As with Fig. 6, the results for ionization-only
model show where winds would be deposited if they were switched
on. 𝑅imp remains below 2 pc for all sinks in the ionization-only
model, while models with winds produce much larger 𝑅imp, going
up to 32 pc. The wind-only model is skewed towards smaller 𝑅imp
(median 3.1 pc) compared to the combined-feedback model (median
5.9 pc). The minimum 𝑅imp for each model corresponds to the sink
accretion radius (0.78 pc).
These results show that stellar winds are able to clear gas away

from the vicinity of massive stars – up to tens of pc at the most
extreme – while ionization by itself is not.

3.2 Star formation

Fig. 8 shows properties of sink particles as a function of time. Panel
(a) shows the total star formation efficiency (SFE), defined as

SFE = 0.5 × 𝑀sinks
𝑀sinks + 𝑀gas

. (4)

MNRAS 000, 1–11 (2022)
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Figure 3. Top-down view (𝑥-𝑦 plane) of column density in the four models at three different times. Dots are sink particles; white dots produce stellar feedback.

The factor of 0.5 is the proportion of the sinkmass which is converted
into stars. After 7.3 Myr, the highest SFE is 0.15 which occurs for the
combined and ionization-only models. The model with no feedback
has SFE = 0.12, while the wind-only model has the lowest SFE
of 0.11. Therefore, the models which include ionization moderately
boost star formation. The impact of stellar winds is marginal, only
changing the SFE by 0.01 at most.
Panel (b) of Fig. 8 shows the star formation rate (SFR), defined as

SFR(𝑡𝑛) = 0.5 ×
𝑀sinks (𝑡𝑛) − 𝑀sinks (𝑡𝑛−1)

𝑡𝑛 − 𝑡𝑛−1
(5)

where 𝑡𝑛−1 and 𝑡𝑛 are two consecutive dump times. The four models
progress at approximately the same rate, diverging at approximately
3.7Myrwhen thewind-only and no-feedbackmodels reach their peak
SFR. The ionization-only and combined-feedback models continue
to increase, peaking at approximately 4.7Myr. By the end of the
runtime, at 7.3Myr, all four models have converged to the same SFR
again. As with the SFE, stellar winds have a negligible affect on the
SFR, while ionization allows the SFR to reach a higher peak than the
other models (0.15 vs 0.10M� yr−1, respectively).
Panel (c) of Fig. 8 shows the total ionizing flux integrated over
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Figure 4. Density cross-section at 𝑧 = 0, for the third row of Fig. 3. Only the sinks producing feedback are shown. The yellow X shows the sink referred to in
section 3.1/Fig. 6.
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Figure 5. Column density in a star-forming region. Ionization disrupts the whole region, while stellar winds create small-scale bubbles. White dots show sinks
producing feedback. The yellow X shows the sink referred to in section 3.1/Fig. 6.
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Figure 6. Time-evolution of the wind impact radius, 𝑅imp, for the sink par-
ticle with (approximately) the highest ¤𝑀 at 5.66Myr (see section 3.1). The
ionization-only model is also shown for comparison – in this case, the sink
is the one with the highest ionizing flux. Lines start at the time massive stars
form for that sink. The dotted lines show equation (3) for different 𝜌0/𝑚H,
using a constant ¤𝑀 = 4 × 10−5M� yr−1. They are shown as points of ref-
erence only – the actual regions have inhomogeneous density profiles and
experience increasing ¤𝑀 .
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Figure 7. PDF of 𝑅imp for all feedback-producing sinks at 5.66Myr (see
section 3.1).

all sink particles. The total flux is indistinguishable between the two
models which include ionization. Similarly, the total wind mass-loss
rates shown in panel (d) are effectively the same for the two wind
models.
Fig. 9 shows a histogram of sink masses at 5.66Myr. The con-
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Figure 8. (a) Star formation efficiency, (b) star formation rate, (c) integrated ionizing flux, (d) integrated wind mass loss rate.
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Figure 9. Histogram of sink masses at 5.66Myr.

trol run without feedback produces more high-mass sink particles
(>103M�) compared to the models with either feedback mecha-
nism – ionization and winds prevent the most massive sinks forming,
particularly when combined together. Instead, the feedback runs pro-
duce more low-mass sinks below ∼500M� . Ionization has the most
drastic impact, with stellar winds appearing as a second-order effect.
It is clear from the SFE and SFR that photoionization drives addi-

tional star formation on a global scale in ourmodels (see alsoBending
et al. 2020), while stellar winds have a negligible effect on these in-
tegrated quantities. However, winds do affect how the star formation
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Figure 10. PDF of the mean radial velocity within 20 pc around sink particles
at 4.24Myr.

is distributed, spreading the mass over more low-mass sink particles
and producing fewer of the heaviest sinks, due to the formation of
wind-blown bubbles (see section 3.1).

3.3 Gas kinematics

We investigate the ability of each feedback mechanism to expel gas
near sink particles. For all particles 𝑖 inside a radius of 20 pc around
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a sink, we calculate the particle’s radial velocity 𝑣𝑟 ,𝑖 ,

𝑣𝑟 ,𝑖 = (v𝑖 − v∗).r̂

= (v𝑖 − v∗).
(

r𝑖 − r∗
|r𝑖 − r∗ |

) (6)

i.e. 𝑣𝑟 ,𝑖 is the component of the particle velocity, relative to the sink
velocity, in the direction pointing radially away from the sink. We
take the mean of all the 𝑣𝑟 ,𝑖 around that sink. This is repeated for
all sinks. We then plot a PDF of all the means, shown in Fig. 10 at
time 4.24Myr. The wind-only and no-feedback models have peak
mean radial velocities below 0 km s−1 (i.e. implying most of the
sinks have infall in their vicinity). On the other hand, the majority
are positive in the ionization-only and combined-feedback models
– that is, including ionization shifts the PDF to the right towards
higher velocities. These results provide a global, averaged picture
of gas kinematics and imply that ionization is able to expel gas,
while still allowing significant infall to occur; stellar winds, however,
are negligible according to this measure. The velocities also help
explain the distribution of sink masses in Fig. 9 – higher mean radial
velocities around sinks in the ionization models results in lower mass
sinks compared to the models without ionization.

3.4 Clouds

We identify clouds using a friends-of-friends algorithm, which
groups particles together if their nearest neighbours are within a
specified distance of each other. We require a cloud to have a mini-
mum of 100 particles and a maximum particle separation of 0.55 pc,
which are the same parameters used by Bending et al. (2020) (whose
fig. 11 shows the cloud structures in ionization and no-feedback
models). Additionally, we require all chosen particles to be neutral.
At 4.24Myr, the total number of clouds are 510 (both processes),

471 (ion), 271 (wind), and 232 (no feedback), indicating that stronger
feedback results in more clouds. In particular, including ionization
doubles the number of clouds compared to the no-feedback case,
while adding winds creates a small number of additional clouds
(around 10 to 15 per cent more compared to the models without
winds). The impact of ionization can be seen in the density figures of
Fig. 3 and Fig. 4, which show the spiral arm being broken apart and
gas being collected into dense shells, which increases the number of
detected clouds.
Fig. 11 shows histograms of the cloud mass, median density, and

the standard deviation of the velocity. A power-law fit is calculated
for the mass histogram below 104M� using a least-squares method.
The derivative is then calculated to find the mass function in the
form d𝑁/d𝑀 ∝ 𝑀𝛾 , where the indices are 𝛾 = −1.77 ± 0.07 (both),
−1.72 ± 0.07 (ion), −1.70 ± 0.08 (wind), and −1.66 ± 0.09 (none)
– there is no significant difference between the shape of the mass
functions. These values agree with the index of around −1.7 for
clumps observed in the Milky Way (Solomon et al. 1987; Heyer
et al. 2001; Roman-Duval et al. 2010; Colombo et al. 2019; Ma et al.
2021), as well as simulations of Milky Way-like galaxies (Dobbs
et al. 2011; Jeffreson et al. 2021), although the mass ranges may
differ depending on resolution (low mass clouds are more difficult to
measure).
The density histograms show larger differences between the mod-

els, with the non-ionizing models having a narrower distribution
which stops at 10−21 g cm−3, while the ionization models extend to
10−19 g cm−3. The velocity dispersions are higher in the ionization
models, with median values of 1.4 km s−1, compared to 0.8 km s−1
in the models without ionization. The velocity dispersions found in

clouds with ionization agree better with typical results for observed
clouds of similar masses (Roman-Duval et al. 2010; Ma et al. 2021;
Duarte-Cabral et al. 2021).
Including winds does not produce a significant difference in any

of the histograms; the largest difference between the ionization-only
and combined feedback models occurs at the tail end of the density
distribution around 3 × 10−20 g cm−3, but definitive conclusions can
not be drawn due to the small number of clouds here.
In summary, stellar winds haveminimal impact, limited to creating

around 10 per cent more clouds than models without winds. Ioniza-
tion plays a greater role, producing twice as many clouds which tend
towards higher densities and velocity dispersions.

3.5 Sink clustering

At the resolution of these models, a sink particle represents a
(sub)cluster of stars rather than individual stellar particles. Although
the precise properties of stellar clusters are therefore not resolved, we
attempt an analysis of the spatial clustering of these sink particles and
compare them with clusters in the Milky Way which host massive
stars.
We use theDBSCANalgorithm (Density-Based Spatial Clustering

of Applications with Noise; Ester et al. 1996) – see e.g. Joncour
et al. (2018) for a comprehensive description of the method and its
usage for observed stellar systems, and Liow & Dobbs (2020) for
an application in simulations of cloud-cloud collisions. We set 5 as
the minimum number of members required to define a cluster, and
𝜖 = 3 pc as the maximum neighbour separation. This parameter is
chosen by calculating the distance to the 5th nearest neighbour of each
sink particle, and plotting the sorted results against the sink indices.
The plot rapidly diverges at the optimal 𝜖 (Rahmah & Sitanggang
2016).
Fig. 12 shows the cluster mass, 𝑀 , against half-mass radius, 𝑟hm

(the distance away from the centre of mass which contains half the
cluster mass). For comparison, we also show the Milky Way young
massive clusters (YMCs) and associations from table 2 of Portegies
Zwart et al. (2010). Lines of constant half-mass density (3𝑀/8π𝑟3hm)
are also shown. The model results are denser than 10M� pc−3, con-
sistent with the observations of YMCs as opposed to associations,
most of which lie at lower densities. All the feedback models oc-
cupy the full span of the parameter space as the no-feedback case;
for example, feedback (or lack thereof) does not prevent the forma-
tion of YMCs. However, both feedback mechanisms produce more
low-mass clusters.
This can be seenmore clearly in Fig. 13,which shows histograms of

the cluster mass and half-mass radius. Unlike with gas clouds, stellar
winds do have an effect on the cluster properties, especially when
combined with ionization – the two processes together produce more
low-mass clusters than either winds or ionization individually. This
is due to more low-mass sink particles being produced, as shown in
Fig. 9. Fewer small clusters (radii < 1 pc) are created, while a greater
number of large clusters (> 1 pc) are produced when feedback is
included.
Observations and simulations show that cluster mass functions

follow a power law (Lahén et al. 2020; Hislop et al. 2021), possibly
with an exponential tail at high masses (Portegies Zwart et al. 2010;
Li et al. 2017). However, for our models, the small number of clusters
and the large scatter betweenmass binsmakes themass functionmore
difficult to calculate for clusters than for clouds. Therefore, we leave
this for future studies where we aim to improve how stars are resolved
in clusters.
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Figure 11. Histograms of cloud mass, median density, and velocity dispersion at 4.24Myr.
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Figure 12. Properties of clusters identifiedwith DBSCAN at 5.66Myr. Milky
Way YMCs (squares) and associations (triangles) from Portegies Zwart et al.
(2010) are shown for comparison. Lines of constant half-mass density in
M� pc−3 are also shown.

4 DISCUSSION AND CONCLUSIONS

We have presented SPH simulations of photoionization and stellar
winds in a 500×500×100 pc section of a spiral arm, building on the
work by Bending et al. (2020). The initial conditions were extracted
from a galaxy simulation (Dobbs & Pringle 2013) and the resolution
enhanced to 1M� per particle. The feedback implementation is of
similar robustness to that included in models of individual clouds on
scales of a few tens of pc (e.g. Dale et al. 2014), but here applied to
larger scales. In summary, our key results are:

(i) Photoionization is the dominant feedback mechanism which
disrupts the spiral arm section, while stellar winds play a negligible
role.
(ii) Stellar winds do not affect the SFE or SFR.
(iii) However, each mechanism affects the distribution of star for-

mation, producing more low-mass sinks and fewer high-mass sinks
(>103M�).
(iv) The main morphological impact of stellar winds is the for-

mation of small-scale cavities (∼10–30 pc)
(v) Both feedback mechanisms act to break up the large scale

gas structure and inject energy into the ISM, creating more clouds.
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Figure 13. Histograms of mass and half-mass radius for clusters identified
with DBSCAN at 5.66Myr.

Ionization creates twice as many clouds compared to the control run
without feedback. These clouds are denser and have higher velocity
dispersions. Stellar winds only produce 10 per cent more clouds
compared to the control run.
(vi) Related to point (iii), each feedback mechanism produces

more low-mass clusters of sinks as detected through the DBSCAN
algorithm (<104M�), especially when both mechanisms are com-

MNRAS 000, 1–11 (2022)



10 A. A. Ali, T. J. R. Bending and C. L. Dobbs

bined. Again, feedback produces smaller gas clouds and thus smaller
gas reservoirs for clusters to form from, and feedback reduces accre-
tion onto sink particles resulting in lower mass sinks.

These results show that photoionization is themore important pre-SN
mechanism affecting gas dynamics. The main impact of stellar winds
is on the sink and cluster properties, due to the formation of cavities
around sink particles. However, this requires more investigation, as
our sink particles represent collections of many stars. We intend to
improve this sub-grid method to resolve individual stars more finely,
which will provide more accurate cluster properties.
Dale et al. (2013, 2014) investigated the effects of stellar winds

and photoionization on cloud scales, using similar implementations
of feedback as this paper. They found that stellar winds only played
a minor role shaping the morphology of GMCs by creating small
(of the order of 10 pc) bubbles, while photoionization was able to
penetrate further and disrupt significant cloud material. They also
found that winds were able to disperse dense gas next to stars, and
were much less effective at triggering star formation than ionization.
Our results agree with these findings on a larger scale, following
hundreds of clouds which evolve side by side. However, unlike the
Dale et al. simulations, photoionization in our models increases the
star formation efficiency rather than decreases it (see also Bending
et al. 2020who discuss this finding further), while stellarwinds do not
affect it by any significant amount. Grudić et al. (2021) investigated
larger individual clouds than Dale et al., ranging in mass from 106
to 108M� . Their models showed that radiation (ionizing and as well
as non-ionizing radiation) decreased the overall SFE, which is again
contrary to our result. However, stellar winds had a negligible impact
on the SFE, which we also found.
Gatto et al. (2017) found that stellar winds did noticeably decrease

the SFE over time-scales of several 10s of Myr. They modelled
a vertical slice of a galactic disc (500 × 500 × 5000 pc) in which
smaller SFEs and SFRs were found when winds were included. Both
Gatto et al. and our models show more low-mass clusters with winds
enabled, showing how this affects the distribution of star formation.
Similar models to Gatto et al. were carried out by Rathjen et al.
(2021), who found that including ionizing radiation also reduced
accretion and formed lower mass clusters. Comparisons between
these sets of models must also take into account the different sink
properties – for example, our sinks have accretion radii of 0.78 pc
compared to 15.6 pc and 11.7 pc, respectively, and therefore more
closely represent stellar (sub)clusters.
We insert winds in the momentum-conserving phase, unlike other

studies which include the energy-conserving phase of the wind as
well. This may underestimate the total impact of winds, as an adia-
batic wind bubble expands as 𝑅 ∝ 𝑡0.6 instead of 𝑅 ∝ 𝑡0.5 (Capriotti
& Kozminski 2001). Geen et al. (2021) injected a hot wind of the
form described by Weaver et al. (1977), with the addition of cooling
mechanisms; they found efficient cooling at the interface between the
wind and ionized gas, effectively rendering the wind expansion as
momentum-driven (similar to Lancaster et al. 2021b). Their models
also concluded that winds had a limited influence in disrupting indi-
vidual molecular clouds. Thus even whenwinds are injected from the
energy-conserving phase, their final impact is still secondary to pho-
toionization. However, the shape of the wind bubbles found by Geen
et al. are more complex, with plumes or fingers of hot gas expanding
preferentially through low density and being cut off by regions of
high density. In contrast, our wind bubbles are more spherical, as are
Dale et al.’s. Another limitation of our wind method is that we use
one main-sequence mass-loss rate per mass bin, neglecting the wind
properties of evolved stars. For example, the higher mass-loss rates

from Wolf-Rayet stars can lead to faster gas expulsion in embedded
clusters (see e.g. Rogers & Pittard 2013).
We do not include other forms of feedback such as radiation

pressure. This may play a similar role as stellar winds in forming
small-scale cavities around stars, with photoionization still being the
dominant mechanism shaping the overall cloud structure (Ali 2021).
Observationally, the relative impact of radiation pressure is also un-
certain, with some studies showing it to dominate over winds or
ionization (e.g. Olivier et al. 2021), while others show it to be neg-
ligible (e.g. McLeod et al. 2021). We also neglect magnetic fields,
which may aid winds in driving turbulence on pc-scales (Offner
& Liu 2018). Further limitations of our models, e.g. with regards
to photoionization, resolution, initial conditions, and cluster-sinks,
have been explored by Bending et al. (2020).
Additionally, we leave SN feedback for future studies. Simulations

by Lucas et al. (2020) show that the energy from SNe is able to escape
clouds through low-density channels created by pre-SN feedback;
this energy may have an impact on larger scales beyond an individual
cloud. This is supported by some simulations of dwarf galaxies,
in which early radiative feedback can aid SNe in driving stronger
galactic outflows (Hu et al. 2017; Emerick et al. 2018, 2019), while
others find weaker outflows due to photoionization producing fewer
clusters of SNe (Smith et al. 2021).
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