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ABSTRACT
Supernovae (SNe) dominate the energy and momentum budget of stellar feedback, but the efficiency
with which they couple to the interstellar medium (ISM) depends strongly on how effectively early,
pre-SN feedback clears dense gas from star-forming regions. There are observational constraints on
the magnitudes and timescales of early stellar feedback in low ISM pressure environments, yet no
such constraints exist for more cosmologically typical high ISM pressure environments. In this paper,
we determine the mechanisms dominating the expansion of H ii regions as a function of size-scale
and evolutionary time within the high-pressure (P/kB ∼ 107−8 K cm−3) environment in the inner
100 pc of the Milky Way. We calculate the thermal pressure from the warm ionised (PHII; 104 K)
gas, direct radiation pressure (Pdir), and dust processed radiation pressure (PIR). We find that (1)
Pdir dominates the expansion on small scales and at early times (0.01-0.1 pc; <0.1 Myr); (2) the
expansion is driven by PHII on large scales at later evolutionary stages (> 0.1 pc; > 1 Myr); (3)
during the first . 1 Myr of growth, but not thereafter, either PIR or stellar wind pressure likely
make a comparable contribution. Despite the high confining pressure of the environment, natal
star-forming gas is efficiently cleared to radii of several pc within ∼ 2 Myr, i.e. before the first SNe
explode. This ‘pre-processing’ means that subsequent SNe will explode into low density gas, so their
energy and momentum will efficiently couple to the ISM. We find the H ii regions expand to a radius
of ∼ 3pc, at which point they have internal pressures equal with the surrounding external pressure.
A comparison with H ii regions in lower pressure environments shows that the maximum size of all
H ii regions is set by pressure equilibrium with the ambient ISM.

Key words: Stars: formation – ISM: clouds – Galaxy: centre.

1 INTRODUCTION

Throughout their short lifetimes, high-mass stars (> 8 M�)
inject large amounts of energy and momentum into their
host environments through a variety of feedback processes
(e.g. Krumholz et al. 2014). The most potentially disruptive
of these feedback mechanisms occurs when the stars even-
tually die, exploding as supernovae (SNe). Indeed, SNe are
thought to play a major role in the self regulation of star
formation in galaxies through their contribution to the total
energy and momentum budget of the interstellar medium

? E-mail: ashleybarnes.astro@gmail.com

(ISM; McKee & Ostriker 1977; Mac Low & Klessen 2004;
Klessen & Glover 2016).

As the rate of cooling in the ISM is proportional to
the gas density squared, the efficiency with which SNe in-
ject energy and momentum into the local galactic environ-
ment strongly depends on the density distribution of the gas
into which they explode (see Girichidis et al. 2016 and refer-
ences therein). For example, SNe that explode within dense
molecular clouds may be limited to disrupting their natal gas
clouds, whilst SNe that explode into lower density environ-
ments can drive hot expanding bubbles to much larger dis-
tances (tens to hundreds of pc) and influence galactic scale
processes (e.g. kpc-scale galactic outflows; Veilleux et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/staa2719/5902863 by :: user on 25 Septem

ber 2020



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

2 A. Barnes, S. N. Longmore, et al.

358.80±359.10±359.40±359.70±00.00±00.30±00.60±00.90±01.20±

Galactic Longitude

°
00

.3
0
±

+
00

.0
0
±

+
00

.3
0±

+
0
0
.6

0±
+

00
.9

0±
G

al
ac

ti
c

L
a
ti
tu

d
e

358.80±359.10±359.40±359.70±00.00±00.30±00.60±00.90±01.20±

Galactic Longitude

°
00

.3
0
±

+
00

.0
0
±

+
0
0
.3

0±
+

0
0
.6

0±
+

0
0
.9

0±
G

al
ac

ti
c

L
a
ti
tu

d
e

“Ionised ridge”

“Central Molecular Zone”

Supermassive 
black hole, Sgr A*

Arches Cluster

Quintuplet Cluster

Sgr B2 G0.6 Sgr B1 G0.3

Precursor 
molecular 

clouds

Age of  HII regions0.2 Myr 1.2 Myr

200pc at 8kpc

Cloud E/F “brick”

Cloud C/D

50pc

Sgr C

Sgr ESgr D

Figure 1. A three colour image of the Galactic Centre. In this image, red is 70 µm emission from Herschel Hi-GAL (Molinari et al. 2010),
green is 24 µm emission from Spitzer MIPSGAL (Carey et al. 2009), and blue is 8 µm emission from Spitzer GLIMPSE (Churchwell et al.

2009). We label sources of interest throughout this region, such as the prominent massive clusters (Arches and Quintuplet; e.g.

Espinoza et al. 2009; Harfst et al. 2010), the supermassive black hole (Sgr A*; e.g. Gravity Collaboration et al. 2018), and several promi-
nent H ii regions (e.g. Sgr E; Anderson et al. 2020). Rectangles show the approximate regions of the Central Molecular Zone (or CMZ)

and the dust-ridge. The 24 µm emission map is also overlaid in contours of 400, 1000, and 1500 MJy sr−1, which have been chosen to best

highlight the sources of interest. The inset in the upper left shows a zoom-in of the ionised-ridge region, which contains the sources Sgr
B2, G0.6, Sgr B1, and G0.3 that we study in this work. In the zoom-in panel, we also label molecular clouds that are thought to represent

the initial conditions of the H ii regions (see section 3.2). Labels at the bottom of the zoom-in panel give the approximate ages of the H ii
regions based on the predictions from an orbital model (increasing age from left to right; Longmore et al. 2013b; Kruijssen et al. 2015).

In the lower right of the main panel and upper left of the zoom-in panel we show scale-bars representing projected lengths of ∼ 200 pc

and ∼ 50 pc at a distance of ∼ 8 kpc, respectively (Reid et al. 2014; Gravity Collaboration et al. 2018).

2005; Agertz et al. 2013; Stinson et al. 2013; Keller et al.
2020; Veilleux et al. 2020).

Feedback from the pre-SNe stages of high-mass stars
plays a significant role in determining the environment into
which SNe subsequently explode. Simulations have long pre-
dicted that this ‘pre-processing’ can potentially even de-
stroy the host molecular cloud before the first SN explosion
(e.g. Dale et al. 2012, 2013), and observations of molecular
clouds and H ii regions in nearby galaxies now show that
pre-SN feedback is primarily responsible for the destruc-
tion of molecular clouds across the local galaxy population
(Kruijssen et al. 2019b; Chevance et al. 2020b,c). Studying
the effects of these earliest stages of stellar feedback on their
environment is then crucial to quantifying the contribution
of SNe in driving the galaxy-scale energy and momentum
cycle of the ISM in galaxies.

In light of this, significant observational effort has been
invested to better disentangle and quantify the effect of
various feedback mechanisms within young stellar systems
(e.g. Oey 1996a,b; Pellegrini et al. 2010, 2011). More recent

efforts have focused on measuring and comparing the in-
ternal pressure components from different feedback mech-
anisms in H ii regions located within the Small and Large
Magellanic Clouds (SMC and LMC, respectively), such as
the well known 30 Doradus complex (e.g. Lopez et al. 2011,
2014; Chevance et al. 2016; McLeod et al. 2019), as well as
other nearby galaxies (e.g. McLeod et al. 2020). These stud-
ies have provided important insights into early-stage feed-
back, but further work is needed to understand how pre-
processing varies with environment, particularly to higher
density, pressure, and metallicity regimes such as those in
galactic nuclei and high-redshift galaxies.

Most of the literature to date naturally focuses on re-
gions that are observationally accessible in the local Uni-
verse, which are characterised by low gas pressures (P/k ∼
104−5 K cm−3). The ambient gas pressure plays a ma-
jor role in the molecular cloud lifecycle (Chevance et al.
2020b), specifically by setting the initial conditions for
star formation (e.g. Faesi et al. 2018; Sun et al. 2018, 2020;
Jeffreson et al. 2020), the subsequent star formation effi-
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Feedback in high-pressure environments 3

ciency (e.g. Krumholz & McKee 2005; Blitz & Rosolowsky
2006; Federrath & Klessen 2012), and the impact of stel-
lar feedback (e.g. Grudić et al. 2018; Kim et al. 2018;
Fujimoto et al. 2019; Li et al. 2019; Keller et al. 2020). This
is particularly important, because ISM pressures observed
at the peak of the cosmic star formation history are sev-
eral orders of magnitude higher than those observed in disc
galaxies today (e.g. Genzel et al. 2011; Swinbank et al. 2011,
2012; Tacconi et al. 2013). It is therefore a critical question
how the physics of star formation and feedback proceeded
under the extreme pressures observed at the time that the
Universe was forming stars most rapidly.

In this work, we investigate the effect of higher ambi-
ent density and pressure host environments on the phys-
ical properties and evolution of pre-SNe high-mass star
formation regions. For this, we focus on the inner few
hundred parsecs of the Milky Way, known as the “Cen-
tral Molecular Zone” (CMZ; e.g. Morris & Serabyn 1996),
which is known to host several (pre-SNe) H ii region com-
plexes (e.g. Mehringer et al. 1992; Schmiedeke et al. 2016;
Anderson et al. 2020). This region has average gas densi-
ties, gas temperatures, ambient pressures, turbulent veloc-
ity dispersions, interstellar radiation fields and cosmic ray
ionisation rates factors of a few to several orders of mag-
nitude larger than observed in typical Milky Way disc and
SMC/LMC star-forming systems, more similar to starburst
and high redshift galaxies at the epoch of peak star forma-
tion density at z∼ 1 − 3 (Kruijssen & Longmore 2013).

Figure 1 presents a three-colour image of the Galac-
tic Centre with the CMZ region highlighted by the white
rectangle, and several sources of interest within the regions
labelled, such as the Arches and Quintuplet young mas-
sive clusters (e.g. Espinoza et al. 2009; Harfst et al. 2010)
and the central supermassive black hole (Sgr A∗; e.g.
Gravity Collaboration et al. 2018). The inset image shows
a zoom-in of the so-called “ionised ridge” region of the CMZ
that contains the H ii regions complexes we study this work:
Sgr B2, G0.6, Sgr B1, and G0.3. We also highlight the qui-
escent precursor molecular clouds on the “dust-ridge” (e.g.
Lis et al. 1994; Longmore et al. 2012, 2013a; Walker et al.
2015, 2016, 2018; Barnes et al. 2019; Henshaw et al. 2019;
Battersby et al. 2020). This dust-ridge is thought to be
connected to the ionised ridge via a ring of material
surrounding the Galactic Centre found in simulations
(e.g. Sormani et al. 2018; Dale et al. 2019a; Kruijssen et al.
2019a; Sormani et al. 2020; Tress et al. 2020) and extra-
galactic systems (e.g. Comerón et al. 2010; Krieger et al.
2020), which is maintained by the inflow of material from
the bar (e.g. Krumholz & Kruijssen 2015; Henshaw et al.
2016b; Sormani & Barnes 2019). On the Figure 1 inset, we
also show age estimates of the H ii regions based on the
predictions from an orbital model (increasing age from left
to right; Longmore et al. 2013b; Kruijssen et al. 2015). We
summarise the physical properties of the precursor molec-
ular clouds and the H ii regions in Table 1 (adopted from
Barnes et al. 2017).

This paper is organised as follows. In section 2 we out-
line how we determine each of the internal pressure com-
ponents of the Galactic Centre H ii regions. In section 3 we
analyse the radial dependence of these pressure components
and estimate the energies and momenta of the expanding H ii
regions. In section 4 we discuss our findings in the context

Table 1. The global properties of the Galactic Centre molecu-

lar clouds and H ii regions (Barnes et al. 2017, Tables 4 and 5).

The columns list the effective radii, molecular gas masses, total
embedded stellar mass, the times since pericentre passage (i.e.

point of triggered molecular clouds collapse) as estimated from

the orbital model of Kruijssen et al. (2015), and the age of the
H ii regions defined as tp, last − tp, last(dust − ridge) (section 3.2). In

this work, we make the assumption that the dust-ridge molecular

clouds represent the precursors to the identified H ii regions (see
Figure 1).

Source Reff Mgas M∗ tp, last tage
(pc) (104 M�) (103 M�) (Myr) (Myr)

Dust-ridge∗ 1.6 3.7 <0.1 <0.53 0

Sgr B2 2.7 65 33 0.74 0.21
G0.6 2.8 4.6 3.3 1.45 0.92

Sgr B1 5.8 8.7 8.0 1.55 1.02

G0.3 6.5 9.3 6.2 1.75 1.22

∗Shown is the average radius, gas mass, and stellar mass

of the “Brick”, “b”, “c”, “d”, “e” and “f” molecular clouds

on the dust-ridge (Barnes et al. 2017).

of the previous observations of the SMC and LMC, compare
to analytic models for the expansion of H ii regions, and
explore how efficiently the stellar population is driving the
expansion. Finally, we summarise the results in section 5.

2 PRESSURE CALCULATION

2.1 Internal H ii region pressure components

The internal pressure within an H ii region produced by an
embedded stellar population can be expressed as the sum of
four dominant pressure components (e.g. Lopez et al. 2011,
2014; McLeod et al. 2019):

PHII) warm ionised thermal gas pressure,
Pdir) direct radiation pressure,
PIR) dust processed radiation pressure,
PX) hot X-ray emitting thermal gas pressure,

such that the total internal pressure is,

Ptot = PHII + Pdir + PIR + PX. (1)

In this section, we discuss the methodology used to de-
termine the PHII, Pdir, and PIR pressure components within
the Galactic Centre H ii regions. We mention PX here be-
cause it is included in the comparison to the LMC and SMC
(section 4.1; Lopez et al. 2011, 2014). Lopez et al. determine
PX by modelling the thermal (free-free) emission from the
hot gas, which peaks at soft X-ray energies for tempera-
tures of Tx ∼ 106 K (kBTx ∼ 0.1 keV). Unfortunately, we can-
not make a similar measurement for the Galactic Centre
region, for two reasons. First, the Galactic Centre hosts sig-
nificant non-thermal soft X-ray emission that is expected
to be significantly brighter than any potential thermal emis-
sion (e.g. Law & Yusef-Zadeh 2005; Yusef-Zadeh et al. 2007;
Nobukawa et al. 2008; Ponti et al. 2015; Zhang et al. 2015).
Second, the substantial column density of foreground mate-
rial towards the Galactic Centre H ii regions is expected to
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make any thermal soft X-ray emission undetectable. For ex-
ample, the average molecular hydrogen column density for
the H ii regions is ∼ 3 × 1022cm−2, which when using the
dust grain models from Draine (2003) corresponds to a line-
of-sight extinction of A100eV > 20 mag.1 Such a high X-ray
extinction would cause even the most luminous known H ii
regions to become undetectable for any plausible amount of
e.g. Chandra observing time. We, therefore, omit the deter-
mination of PX within the Galactic Centre from our analysis.

2.1.1 PHII: Thermal pressure from warm (104 K) ionised
gas

H ii regions are ionised by the large flux of H-ionizing Ly-
man continuum, NLyC, produced by young high-mass stars
(>8M�). This pressure in this ionized gas is set by the ideal
gas law, PHII = 2 nekB THII, where the factor of two comes
from the assumption that all the He is singly ionised (i.e.
ne + nH + nHe = 2ne). Free-free interactions between the elec-
trons and ions gives rise to continuum emission at cm-(mm)
wavelengths. The intensity and physical size of this emission
can be used to derive the electron density of the ionised gas.

Lopez et al. (2011, 2014) determine the electron density
for the LMC and SMC sources from their radio continuum
fluxes using the expression given by Rybicki & Lightman
(1979). However, we choose to use the conversion presented
by Mezger & Henderson (1967), as this was adopted by the
most comprehensive survey of (ultra-compact) H ii regions
within the Galactic Centre sample by Schmiedeke et al.
(2016). The difference in derived electron density using
the two methods is only of order 25 per cent, so does
not affect the conclusions drawn from the data.2 The
Mezger & Henderson (1967) conversion can be given as,

ne = 2.576 × 106
(

Fν
Jy

)0.5 (
THII

K

)0.175 ( ν

GHz

)0.05

(
θsource
arcsec

)−1.5 (
D
pc

)−0.5
cm−3, (2)

where Fν is the measured flux, ν is the frequency of the
observations, THII is the electron temperature, D is the source
distance and θsource is the circular diameter of the source.

Observations of the Galactic Centre at radio wave-
lengths have been possible for several decades, hence there is
an extensive library of data taken at various frequencies and
resolutions. We choose a sample of observations from both
single-dish and interferometer telescopes, which are listed in
Table 2, along with the frequencies and reference for each
observation. To calculate ne for each of the literature cat-
alogue flux and diameters, we assume a source distance of

1 Using Aλ = (2.5/ln 10)Cext(λ)NH = 1.086Cext(λ)NH, and the

extinction cross section per H nucleon, Cext(λ), at 100 eV of

Cext(0.0124µm) = 7.238 × 10−22 cm2 (see Table 6 of Draine 2003).
2 This comparison was made for a 1 Jy source at 5 GHz, with a

radius of 1′′ at 8 kpc. For this calculation we use equation 5.14b
from Rybicki & Lightman (1979), rather than Lopez et al. (2011,
equ. 6) and Lopez et al. (2014, equ. 10), which have an incor-

rect constant of 6.8×1038 cm−3 erg−1 K−0.5. Rearranging equation
5.14b from Rybicki & Lightman (1979), we find a constant of

1.46×1037 cm−3 erg−1 K−0.5.

8 kpc (e.g. Reid et al. 2016), and THII = 5000 K. These values
of ne are then used with THII to determine PHII.

The low THII used in the above calculation has been
chosen to accounts for the well-studied systematic de-
crease of THII observed at decreasing galactocentric ra-
dius, caused by the corresponding increase in metallic-
ity; the typical electron temperature at solar metallic-
ity is ∼ 7000 K (e.g Mezger et al. 1979; Shaver et al. 1983;
Wink et al. 1983; Caswell & Haynes 1987; Deharveng et al.
2000; Giveon et al. 2002). When extrapolating the elec-
tron temperature to galactocentric radius relation from
Deharveng et al. (2000) down to RGC = 0 kpc, we find
THII = 4260± 350 K. This result is in agreement with the me-
dian THII ∼ 5000 K measured across a several Galactic Cen-
tre H ii regions (Gaume & Claussen 1990; Mehringer et al.
1992; Cram et al. 1996; Lang et al. 1997, 2001). Therefore,
we adopt THII = 5000 K as the representative value for Galac-
tic Centre H ii regions, and use this electron temperature for
all calculations within this work.

2.1.2 Pdir: Direct radiation pressure

The large radiation field directly produced from young stel-
lar objects can exert a significant pressure on the surround-
ing material. This radiation pressure, Prad, at a given posi-
tion within an H ii region, is related to the bolometric lu-
minosity, Lbol, of the stellar population and the distance, r,
from each star to that position within the region:

Prad =
∑ Lbol

4πr2c
, (3)

where the summation is over all stars within the region. The
volume-averaged direct radiation pressure, Pdir, is then given
as (Lopez et al. 2014),

Pdir =
3Lbol
4πR2c

, (4)

where R is the radius of the H ii region (or effective radius,
Reff , that we define later and use throughout the rest of the
paper), and Lbol is the bolometric luminosity from the popu-
lation of massive stars within the H ii region. This form dif-
fers by a factor of three from McLeod et al. (2019, equation
4), as these authors calculate the radiation surface pressure
rather than the volume average pressure. This expression is
appropriate to compute the force balance at the surface of
an empty shell. However, as this work aims at understand-
ing the large-scale dynamics of the Galactic Centre H ii re-
gions (e.g. the total energy and pressure budget for each
source), the inclusion of a factor of three in the numerator
of the above equation is required. We also note here that the
higher metallicity within the Galactic Centre, or increasing
the amount of dust, has no effect on the Pdir calculation. Di-
rect radiation pressure is limited by the momentum supplied
by the stellar radiation field, and, as long as there is enough
dust around to absorb all the radiation, the momentum per
unit time delivered is the same.

Lopez et al. (2011) determine the bolometric luminosity
of the H ii regions within the LMC and SMC from Hα emis-
sion. However, this is not possible for the H ii regions inves-
tigated here, due to the high optical extinction towards the
Galactic Centre (Av >20 mag), which completely obscures
any Hα emission. We, therefore, adopt two alternative meth-
ods of calculating the bolometric luminosity using radio and
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Feedback in high-pressure environments 5

Table 2. The sample of radio observations taken from the literature that have been used to calculate the warm ionised gas pressure. We
list the telescope, the frequency, and reference for each observation.

ID Telescope Frequency (GHz) References

1 Pencil-beam antenna (Single dish) 2 & 4 & 6 & 10 Downes & Maxwell (1966)

2 NRAO’s 36-foot reflector (Single dish) 31 Downes et al. (1970)
3 Naval Research Laboratory’s 85-foot reflector (Single dish) 11 & 18 & 32 Hobbs & Johnston (1971)

4 NRAO’s 36-foot reflector (Single dish) 85 Hobbs et al. (1971)

5 Wilkinson Microwave Anisotropy Probe (WMAP; Single dish) 93 Lee et al. (2012)
6 Molonglo Observatory Synthesis Telescope (MOST; Interferometer) 0.4 Little (1974)

7 Very Large Array (VLA; Interferometer) 5 & 15 Benson & Johnston (1984)

8 Very Large Array (VLA;Interferometer) 15 Roelfsema et al. (1987)
9 Very Large Array (VLA;Interferometer) 15 Gaume & Claussen (1990)

10 Very Large Array (VLA;Interferometer) 1.5 & 5 & 8 Mehringer et al. (1992)

11 Very Large Array (VLA;Interferometer) 0.3 Yusef-Zadeh et al. (2007)
12 Very Large Array (VLA;Interferometer) 23 & 43 Schmiedeke et al. (2016)

infrared observations (i.e. wavelengths where the emission is
much less affected by dust extinction).

Firstly, we can make the assumption that the bolomet-
ric luminosity is proportional to the flux of ionising pho-
tons, NLyC, such that Lbol = NLyC 〈hν〉, where 〈hν〉 ∼ 15 eV is
the mean photon energy (Pellegrini et al. 2007). We use the
NLyC for each H ii region as determined from the radio ob-
servations outlined in Table 2 (i.e. Gaume & Claussen 1990;
Mehringer et al. 1992; Schmiedeke et al. 2016), and solve for
the direct radiation pressure using equation 4.

The second method assumes that the luminosity inte-
grated over infrared wavelengths approximately corresponds
to the total bolometric luminosity. This is a common as-
sumption made for embedded star-forming regions, where
the luminosity from massive stars produced at ultraviolet
wavelengths is absorbed and remitted by the dust in the
infrared. Barnes et al. (2017) have produced maps of the
total infrared luminosity across the Galactic Centre. These
authors fit a two-component modified black-body function
to extinction corrected 5.8 - 24 µm (Churchwell et al. 2009;
Carey et al. 2009) and 160 - 500 µm (Molinari et al. 2010)
emission maps (referred to as the warm and cool compo-
nent of the bolometric luminosity; see Fig. 2 of Barnes et al.
2017). These infrared (i.e. bolometric) luminosity maps are
used with the two methods outlined below to also determine
the direct radiation pressure within each of the Galactic Cen-
tre H ii regions.

In comparison with the first method for calculating the
direct radiation pressure from radio observations, we choose
to identify individual sources within the infrared maps.
These can be considered as discrete H ii regions each with
a single value of the direct radiation pressure. We choose to
identify these H ii regions in the map of the warm compo-
nent of the bolometric luminosity using a dendrogram anal-
ysis (Rosolowsky et al. 2008). We choose to use a structure
finding algorithm, as opposed to by-eye identification, to
give reproducibility within regions with particularly com-
plex morphology (the warm bolometric luminosity map is
given in Fig. 2 from Barnes et al. 2017).3 We make use of

3 The following set of parameters are used for determination of
the dendrogram structure: min value = 3σ ∼ 300 L� (the mini-
mum luminosity considered in the analysis); min delta = 3σ (the

minimum spacing between isocontours); min delta = 1/3 beam ∼

the “leaves” identified from the dendrogram analysis, which
are the highest level (i.e. smallest) structures in the analysis
and here represent distinct H ii regions. We take the mask of
each H ii regions (dendrogram leaf), and apply this to both
the warm and cool bolometric luminosity component maps,
which we sum to then get the total bolometric luminosity.
This is used with equation 4 to get the direct radiation pres-
sure (Pdir) within each H ii region. The effective radius (Reff)
of each H ii region is defined as the radius for a circle with the
corresponding area (A) of each structure (i.e. Reff =

√
A/π).

In addition to the dendrogram analysis, we also calcu-
late the direct radiation pressure within apertures of increas-
ing radius from the centre of each H ii region complex. To
do so, we place circular masks for each source on to both
the warm and cool bolometric luminosity component maps,
and sum the enclosed values to then get the total bolomet-
ric luminosity. The circle is then increased in radius, and
the process repeated. We again use equation 4 to determine
the direct radiation pressure within these increasing circular
apertures. This method differs from the dendrogram anal-
ysis, as it returns a continuous radial distribution from the
source centre, as opposed to a distribution of distinct H ii
region with various sizes.

2.1.3 PIR: Dust-processed radiation pressure

The luminosity from the young massive stars peaks at ul-
traviolet wavelengths. However, this regime is completely
obscured for most embedded star-forming regions. Rather,
the ultraviolet emission from the majority of young stars
is absorbed by the surrounding dust from the host molecu-
lar cloud. This then heats the dust from tens to hundreds
of Kelvin, so that it emits predominantly at infrared wave-
lengths. The radiation field produced by the heated dust
then provides an expansion pressure, which can be given as,

PIR =
1
3

u, (5)

where u is the radiation field absorbed by the dust. To es-
timate u, we compare the observed 5.8, 8, 24 and 70 µm

3 pixels (the minimum number of pixels contained within a struc-
ture). Varying the dendrogram parameters over a wide range of
values does not affect the results of the paper.
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6 A. Barnes, S. N. Longmore, et al.

(Churchwell et al. 2009; Carey et al. 2009; Molinari et al.
2010) infrared flux densities to those predicted for the dust
models of Draine & Li (2007). These dust models produce
synthetic spectral energy distributions for a range of radia-
tion fields and dust compositions. The latter is parametrised
by the fraction of dust in polycyclic aromatic hydrocarbons,
qPAH, which produce substantial emission at the observed
infrared wavelengths. The former is parameterised by the
dimensionless scale factor of the radiation absorbed by the
dust, U, which measures the radiation field energy density
normalised to the local interstellar radiation field (ISRF)
energy density,

u = UuISRF. (6)

Here, uISRF = 8.65 × 10−13 erg cm−3 is the energy density of
non-ionising photons in the local interstellar medium.

To compare the observed 5.8, 8, 24 and 70 µm infrared
flux densities for the H ii regions to those predicted by
the dust models, we smooth the infrared maps to a com-
mon resolution of 11.5′′. Following Barnes et al. (2017),
we then use the prescriptions of Cardelli et al. (1989) and
Chapman et al. (2009) to correct the 5.8, 8 and 24 µm fluxes
for a constant visual extinction of Av = 20 mag, which
is typical for lines of sight towards the Galactic Centre
(Figer et al. 1999; Dutra et al. 2003; Schödel et al. 2010).
Additionally, we determine the extinction along each line
of sight using the molecular hydrogen column density map
(e.g. Molinari et al. 2011, Battersby et al. in prep). To do
so, we use the conversion from column density to visual ex-
tinction from Fitzpatrick (1999), and then the conversions
from visual to infrared extinction from Cardelli et al. (1989)
and Chapman et al. (2009). When doing so we find that Sgr
B2 has a very high infrared extinction for the majority of
its sight-lines (A8µm > 10 mag, equal to a visual extinction
of Av > 100 mag), which can not be accurately corrected. It
has, therefore, been omitted from this analysis of the dust-
processed radiation pressure.

We remove the contribution of star-light from the 8 and
24µm flux density maps using the 3.6µm flux density map
with (Lopez et al. 2011, 2014),

Fns
8 = F8 − 0.232F3.6 and Fns

24 = F24 − 0.032F3.6 (7)

where the subscript denotes the wavelength, and superscript
denotes the non-stellar flux densities. Due to the very small
3.6µm flux density observed within the Galactic Centre, this
subtraction has a minimal effect.

Ratios of the observed 8, 24 and 70µm fluxes (Fns
8 , Fns

24
and F70) are required to compare to the Draine & Li (2007)
dust models. These ratios for all the pixels within each of the
Galactic Centre H ii regions are shown in the upper panel
of Figure 2. We overplot on the measurements a grid of flux
ratios predicted from the dust model. When corrected for
a constant extinction, we find that G0.6, Sgr B1 and G0.3
have flux ratios well covered by the dust model grid. How-
ever, when we correct for the extinction along each line of
sight using the column density measurements, several of the
flux ratio values fall out of the dust model grid parame-
ter space (e.g. to the right of the grid plotted in the up-
per panel of Figure 2). We note that we are interested in
the value of the radiation absorbed by the dust to calcu-
late the dust processed radiation pressure, and the values
of U are close to constant for a given Fns

24/F70 (i.e. horizon-

tal grid lines). Therefore, we interpolate the U value for the
observed Fns

24/F70 from the dust model grid for any values
that fall out of the grid parameter space; i.e. ignoring any
Fns

8 /F
ns
24 dependence.

We use the interpolate.griddata4 of scipy package
in ipython to interpolate the grid of predicted flux ratios
from the dust models onto the observed values. The lower
panel of Figure 2 shows the values of U as a function of qPAH
for all pixels from this interpolation process (for a constant
extinction correction). The values of U determined using a
constant and varying extinction are used in equation 6 to
determine the dust processed pressure component.

It is worth briefly mentioning here that by using the
dust model to get qPAH, we are effectively accounting for the
high Galactic Centre metallicity when determining U and,
hence, PIR. The absolute metallicity or dust abundance does
not matter very much for the Draine & Li (2007) models
we are adopting. This is because the modelling we conduct
here amounts to asking what spectrum the dust will emit,
assuming it is exposed to a certain background radiation
field and that the optical depth to the re-emitted infrared
is small. Since only the spectral shape is being used in the
calculation, doubling the number of grains per unit volume
has no effect, since it does not change the spectral shape,
just the absolute luminosity. There could be a subdominant
effect in that the grain size distribution may be different for
the Galactic Centre than it is at lower metallicity. This will
make a difference, because the spectral energy distribution
is sensitive to the grain size distribution. However, there is
no evidence that the grain size distribution is significantly
different for super-solar metallicity, and, to the extent that
it is, the first order-variation is captured by our variation of
the PAH fraction (qPAH).

Again, as in section 2.1.2, we adopt the two methods
for calculating the pressure as a function of the size scale.
Firstly, we take the H ii region (i.e. leaf boundary) masks
produced from the dendrogram analysis, and apply these to
the U maps for each source to get a measure PIR within
distinct H ii regions of different sizes. Secondly, we calculate
the average U within circular apertures of increasing radius,
which gives a radial dependence of PIR from the centre of
each source.

2.2 Total internal HII region pressure

Using the methods presented in this section, we have cal-
culated the ionised gas (PHII), direct radiation (Pdir), and
dust reprocessed (PIR) pressure components for our sample
of Galactic Centre H ii regions. Figure 3 shows how these var-
ious pressure components vary as a function of the size scale
for each of the Galactic Centre sources. The direct radiation
pressure is shown by the blue lines and points, the warm
ionised gas pressure is shown by the red points, and the
dust reprocessed emission pressure is shown by the purple
lines and points. The numbers within the legend correspond
to the references provided within Table 2.

On the smallest scales (∼ 10−3 pc), the direct radiation
pressure is factors of several higher than the ionised gas ther-
mal pressure. However, we find that the direct radiation

4 http://docs.scipy.org
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Feedback in high-pressure environments 7

pressure decreases steeply with increasing radius (see dot-
ted lines overlaid on each panel), and on scales of ∼ 10−2 pc
both the direct and ionised gas pressure components are
equal within the observed scatter. On intermediate scales
(0.01-0.1pc; Sg B2, G0.6, Sgr B1), we find that the direct
radiation and ionised thermal pressure components remain
approximately equal within around an order of magnitude
scatter. On the large scale (> 0.1-20pc), we find that the
direct radiation is typically less than both the ionised ther-
mal pressure gas and the dust-processed pressures, which
are comparable. Where measurements are available for all
three of the pressure components on the largest scales (G0.6
and Sgr B1), we find that the ionised thermal pressure com-
ponent is the dominant pressure term driving the H ii region
expansion.

It is worth considering at this stage how the radial
trends displayed in Figure 3 should be interpreted. Firstly,
the Pdir and PHII points have been calculated in two ways:
one method using radio observations, and another method
using IR observations. The former provides measurements
of the same H ii regions at different spatial resolutions. The
latter uses dendrograms to identify distinct H ii regions, each
of which can have a different physical size depending on the
dendrogram analysis. Therefore, increasing in radius in Fig-
ure 3 can mean that either (i) distinct increasingly larger
H ii regions have been identified within each source, or (ii)
these larger radii data points are larger aperture averages of
the smaller effective radii H ii regions that they contain. The
fact that the radial trend is the same for both methods us-
ing two different, widely separated wavelength observations
show the results are robust against the choice of method.
We conclude that a simplistic but reasonable interpretation
of the points plotted within Figure 3 are that they represent
pressure components as a function of H ii region size.

This is subtly different from the lines plotted on Fig-
ure 3, which have been determined from increasing size aper-
tures from the centre of each H ii region. The lines then rep-
resent a radial dependence of the pressure components. In
the interest of a comparison, both of the methods have been
plotted on Figure 3, yet caution should be taken in drawing
conclusions based on both the radial (lines) and size (points)
distributions.

3 PRESSURE PROFILES AND
FEEDBACK-DRIVEN DYNAMICS

3.1 Pressure components as radially decreasing
power laws

To examine how the pressure components determined in sec-
tion 2 scale with effective radius (size), we perform a power-
law fit to the points shown in Figure 3. We fit a power-law
relation of P = a(Reff/pc)−b to each of the pressure compo-
nents, using the numpy.polyfit least-squares fitting routine
in log-log space. This analysis is limited to the warm ionised
gas pressure and direct radiation pressure, and for sources
which have pressure components determined over a sufficient
range in effective radius to allow for statistically significant
power-law fits. Figure 4 displays the observed pressure com-
ponents overlaid with the results of the fitting routine (as
labelled). The parameters of each fit are given in Table 3.

Table 3. The pressure components as a function of radius power-

law fit parameters as shown in Figure 4. These have been deter-

mined using a least-squares fitting routine in log-log space for
P = a(Reff/pc)−b , where a and b are tabulated as the constant

and power in this table (see section 3.1). This analysis has been

limited to the warm ionised gas pressure and direct radiation pres-
sure, and for sources that have pressure components determined

over a sufficient range in effective radius to allow for statistically

significant power-law fits.

Pressure Sources Power; b Constant; log(a)

(K cm−3)

PHII Sgr B2 -0.99±0.03 7.02±0.06

PHII Sgr B1 -0.94±0.14 6.64±0.13

Pdir Sgr B2 -1.68±0.04 6.79±0.07

Pdir G0.6 -1.51±0.15 6.78±0.12
Pdir Sgr B1 -1.27±0.1 6.71±0.08

We find that the thermal pressure of the ionised gas
(PHII) within the Sgr B2 and Sgr B1 sources are both best
fit with the relation PHII ∝ r−1. We compare this to what
is expected from simple analytic arguments. The ideal gas
equation is given as Ptherm ∝ nT , where n is the number den-
sity, and T is the temperature. The Stromgren radius of an
H ii region can be expressed as r3 ∝ NLyCn−2, where NLyC
is the flux of ionising photons (see equation 12; Strömgren
1939). Therefore, we would expect Ptherm ∝ r−3/2. We then
find that the observed ionised gas pressure decreases less
steeply with radius than estimated from these simple ther-
mal pressure arguments (see section 4.3 for further discus-
sion).

We find the direct radiation pressure has a significantly
steeper radial trend (Pdir ∝ R−1.5

eff ) compared to the ionised

gas pressure (PHII ∝ R−1
eff ). Moreover, we find that there

is moderate (±0.2 in the exponent of the powerlaw slopes)
source-to-source variation for the direct radiation pressure
radial relations, which is not observed for the ionised gas
pressure. Comparing to this variation to the ages of the H ii
regions, we infer that the slope of the direct radiation pres-
sure becomes shallower with age (compare Tables 1 and 3).

3.2 Determining the expansion velocity,
momentum and energy of the H ii regions

We now want to measure the expansion velocity of the H ii
regions and the associated energy and momentum required
to drive the H ii region bubbles.

To obtain an accurate expansion velocity for the star-
forming clouds, we measure both a photometric expansion
rate from the Spitzer and Herschel MIR luminosity maps,
and a spectral expansion rate from radio recombination lines
(RRLs).5. These measurements should represent expansion
velocities perpendicular to the line-of-sight and along the
line-of-sight, respectively.

5 Here we use the standard RRL notation of Hnα, which cor-

responds to a downward energy level transitions from principal
quantum n + 1 to n for hydrogen (e.g. n = 54 → 53 for hydrogen

is H53α)
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8 A. Barnes, S. N. Longmore, et al.

Table 4. Photometrically (section 3.2.1) and spectroscopically

(section 3.2.2) determined expansion velocities (vexp) for the

Galactic Centre H ii regions. Also tabulated are the (log) ener-
gies, and (log) momenta estimated using the average expansion

velocities and mass of each H ii region (section 3.2.3).

Source vexp,pho vexp,spec log(Eexp) log(pexp)

(km s−1) (km s−1) (J) (M� km s−1)

Sgr B2 12.8 10.7 41.75 4.69
G0.6 3.0 - 41.48 5.00

Sgr B1 5.6 9.2 42.20 5.33
G0.3 5.2 - 41.92 5.21

3.2.1 Photometric velocity

The model of Kruijssen et al. (2015) predicts that the clouds
and H ii regions with the CMZ may reside along an or-
bital stream. In this model, star formations began at peri-
centre passage with the bottom of the Galactic gravita-
tional potential, when compressive tidal forces are strongest
(Longmore et al. 2013b; Kruijssen et al. 2019a; Dale et al.
2019b). On this orbit is the dust-ridge (shown in Figure 1),
which shows increasing signs of active star formation from
the point of pericentre passage. Cloud e/f (see Figure 1) is
the first cloud in this sequence that shows several signs that
star formation has recently begun (e.g. maser emission) so
we use this as the zero point for star formation activity. We
use the difference in time along the orbit from cloud e/f
to each of the ionised ridge sources as an estimate of the
expansion time of the H ii regions. Referring to the nomen-
clature in Kruijssen et al. (2015), the age of the H ii region
is given by tage = tp,last− tp,last(cloud e/f). These ages are given
in Table 1, and displayed in the inset of Figure 1. With these,
we can give a photometric estimate of the expanding shell
velocity, which is defined as,

vexp,pho =
Reff
tage

, (8)

The results of this analysis are displayed in Table 4.

3.2.2 Spectral velocity

As an independent measure of the expansion velocity along
the line-of-sight, we can also use spectroscopic observations.
There have been many surveys that have observed the molec-
ular line emission and studied the dynamics of the cool gas
within the Galactic Centre. However, studies of the H ii re-
gion dynamics, and how these fit into the current scenar-
ios of Galactic Centre kinematics are currently lacking. To
investigate the ionised gas within the H ii regions, we use
H52α, H53α, H61α, and H69α recombination line observa-
tions taken with the Mopra telescope (Walsh et al. 2008,
2011; Purcell et al. 2012; Jones et al. 2013). Initial inspec-
tion of these observations show that the signal-to-noise ratio
towards the H ii regions is not sufficient to accurately deter-
mine kinematic information. To overcome this, we stack the
radio recombination lines from the survey that are close in
frequency, and then from these stacked maps choose those
which have good signal-to-noise values.

The maps towards the ionised ridge that have been in-
tegrated between 0 − 100 km s−1 are shown in the left-hand

panel of Figure 5. These clearly show a strong detection to-
wards the Sgr B2 and Sgr B1 sources, yet lack emission
towards G0.6 and G0.3. We, therefore, only analyse Sgr
B2 and Sgr B1 in this section. The spectra taken towards
the Sgr B2 and Sgr B1 sources from each of these stacked
maps are shown in the right-hand panel of Figure 5. These
stacked spectra have been fit with a Gaussian profile using
the pyspeckit package in python. This fit is overlaid on
each of the spectra shown in Figure 5, and the measured
velocity dispersion, σv, is shown in the upper left of each
panel.

To calculate the expansion velocity of each of the H ii
regions from their measured velocity dispersion, σv, we as-
sume that there are several distinct contributions that com-
bined in quadrature to give the observed Gaussian profile.
The first of these is the thermal motions of the ionised gas,
σT ∼

√
2.2 TekB/mHµH = 8.05 km s−1, which assumes a mean

atomic weight accounting for helium (µH = 1.41), a factor of
2.2 that accounts for the number of particles (including elec-
trons) per H nucleus, and the typical Galactic Centre H ii re-
gion electron temperature of 5000 K (see section 2.1.1). The
second of these contributions is the dynamical motions (e.g.
rotation, relative motions) inherited from earlier in their evo-
lution as molecular clouds: σD. This is taken as the average
dispersion of the “dust-ridge” of 10.8 km s−1 (Henshaw et al.
2016a). Lastly, we subtract the contribution from the veloc-
ity resolution vres ∼ 0.2 km s−1. Finally, following Keto et al.
(2008, their equation 3), we determine the contribution from
pressure broadening, σP, assuming a ne = 103 cm−3, which
corresponds to the electron density calculated for around a
parsec scale within Sgr B2 and B1 (using equation 2 and
the flux density measurement of Downes et al. 1970 and
Mehringer et al. 1992). We find that the contribution of σP
to σv is < 1 per cent for the studied radio recombination
lines, and, therefore, σP not considered further. The expan-
sion velocity, vexp,spec, for each of the H ii regions is then
calculated as,

σv =
√
σ2

D + σ2
T + ∆v

2
res + v2

exp,spec, (9)

The results of this analysis are given in Table 4. On aver-
age we find spectroscopic expansion velocities for Sgr B2
and B1 of the order 10 km s−1, and both fall within around
50 per cent of the photometric velocities. Given the assump-
tions made in the derivations of these values, this represents
satisfactory agreement.

3.2.3 Energy and momentum

In this section, we have determined the expansion velocity
of the H ii regions using two independent methods, which
gives values of vexp for each of the sources within reasonable
agreement. The average of these expansion velocities can
now be used to calculate how much energy and momentum
from the embedded stellar population is imparted on the
surrounding environment.

The total energy, Eexp, and momentum, pexp, of the ex-
panding gas can be simply calculated as,

Eexp =
1
2

Mejct v
2
exp

pexp = Mejct vexp,
(10)
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Feedback in high-pressure environments 9

where Mejct is,

Mejct = M init
gas − Mfinal

∗ , (11)

where M init
gas is the gas mass of the precursor molecular clouds

from which the stellar population formed, and Mfinal
∗ is the

final stellar mass of the stellar population. Given gas clouds
with properties similar to those currently in the dust ridge
are the most likely precursors clouds to the stellar popula-
tions driving the H ii regions, we use the average mass of the
dust ridge clouds as our estimate of M init

gas (see Table 1).
Here we have implicitly made the assumption that the

ejecta mass can be represented by the difference in mass be-
tween the average dust ridge cloud and the embedded stellar
mass within an H ii region. Or in other words, all the ini-
tial cloud mass that is not converted to stars, is blown away
by the H ii region as ejecta. We note that, however, this sce-
nario will not strictly be the case, given that we know there is
still some dust continuum emission towards the H ii regions.
This is particularly relevant for Sgr B2, which is thought
to be still heavily embedded within its host cloud (see Fig-
ure 1). In light of this, the values of ejecta mass, energy and
momentum calculated in this section should be viewed as
upper limits. The resulting energy and momentum values
are shown in Table 4. We discuss these values in section 4.4.

4 DISCUSSION

4.1 Comparison with lower pressure environments

We now compare the pressure components calculated for
the Galactic Centre H ii regions to those found in other sim-
ilar observations in the literature. Currently, however, H ii
regions within a limited sample of sources have been investi-
gated in a comparable manner (e.g. Lopez et al. 2011, 2014;
McLeod et al. 2019, 2020). We make use of the data taken
from, Lopez et al. (2011) who investigated the pressure com-
ponents within the massive star-forming region 30 Doradus
in the Large Magellanic Cloud, and Lopez et al. (2014, data
taken from their Table 7) who then expanded this study to
32 H ii regions with ages of ∼ 3 − 10 Myr within both the
Small and Large Magellanic Clouds (SMC and LMC, respec-
tively). More recently, McLeod et al. (2019, data are taken
from their Table 7) have used MUSE integral field data to ac-
curately determine the spectral types and luminosity classes
of the stellar populations within two H ii region complexes
in the LMC.6 From this they determine the direct radia-
tion and ionised gas pressure components of the feedback.
The upper panel of Figure 6 shows how the various pres-
sure components for H ii regions within the LMC and SMC
(green and red points, respectively) compare to those within
the Milky Way Galactic Centre (blue points).

The first thing to note about the comparison shown in
Figure 6 is that the H ii regions within the LMC and SMC
have systematically larger effective radii and lower pressures
than the Galactic Centre H ii regions. We find that the
Galactic Centre H ii regions extend to an effective radius

6 We note that the direct radiation pressure calculated by
McLeod et al. (2019) has been increased by a factor of three to

match the definition outlined by Lopez et al. (2011, 2014), and
this work (see equation 4).

of several parsecs (average of 4.5 pc from Table 1, while the
sources within the SMC/LMC have average radii of around
∼ 50 pc, with several sources within the LMC extending out
to radii well above 100 pc; comparable to the size of the en-
tire Galactic Centre (see Figure 1).

It is interesting to compare these maximum sizes to the
scales when the ambient pressure equals the observed inter-
nal pressures. Walker et al. (2018) estimate molecular clouds
within the Galactic Centre are subjected to an external pres-
sure of the order P/kB ∼ 107−8 K cm−3, whilst the external
pressures found within LMC/SMC and Milky Way disc en-
vironments is typically at least two-to-three orders of mag-
nitude lower (P/kB ∼ 105 K cm−3; Bertoldi & McKee 1992;
Lada et al. 2008; Field et al. 2011; Belloche et al. 2011;
Hughes et al. 2013). These ambient pressures are overlaid
on Figure 6 as horizontal grey dotted lines. We find that the
ambient pressure for the Galactic Centre crosses the P ∝ r−1

relation at a radius of several parsecs, whilst the LMC/SMC
ambient pressure crosses this relation at a radius of few hun-
dred parsecs. These values are then broadly comparable to
the observed maximum sizes of the H ii regions within the
two environments. This would suggest that the maximum
size of the H ii regions is set by the point where the inter-
nal and ambient pressure are equal, and hence the higher
ambient pressure within the Galactic Centre is limiting the
H ii regions to a smaller size. The trend we observe cannot
be due to the low angular resolution of the LMC/SMC ob-
servations. For example, 30 Doradus is a well studied H ii
region complex within the LMC, and has a resolved radius
of ∼ 200 pc (Lopez et al. 2011), an order of magnitude larger
than any resolved H ii regions within the Galactic Centre.
However, we note that while this lack of large H ii regions in
the Galactic Centre is likely physical, the absence of small
ones from the LMC/SMC samples is probably affected by
resolution limits. The ATCA map used in Lopez et al. (2014)
has a resolution of 22′′ ∼ 5 pc at the distance of the LMC,
hence the Galactic Centre H ii regions would be confined to
a single pixel in their LMC map.

The lower panel of Figure 6 shows how the various pres-
sure components compare irrespective of the host environ-
ment. We find that the pressure components broadly follow
the previously discussed radial dependences (section 2.2).
We see that the direct radiation pressure follows a steep
slope, from being the dominant pressure term at scales of
< 0.01 pc to becoming almost negligible at � 1 pc scales.
The remaining pressure terms appear to be approximately
equal within an order of magnitude scatter, and show no
appreciative decline as a function of the radius at > 10 pc
scales.

4.2 Comparison to expansion rates from analytic
models

Many analytic models in the literature estimate the expan-
sion rate of H ii regions (e.g. Bisbas et al. 2015; Geen et al.
2019). In this section, we investigate how well the sizes of the
Galactic Centre H ii regions are predicted by several of the
commonly used expansion models given assumptions about
the age of each H ii region. In doing so, we aim to test the im-
portance of including the various pressure components into
these analytic models. For brevity, we only introduce the
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10 A. Barnes, S. N. Longmore, et al.

final analytic solutions of each model below, and refer the
interested reader to the original papers for full details.

The simplest and mostly widely known of the expansion
models that takes into account only the thermal pressure of
the warm ionised gas was outlined by Spitzer (1978), and
later modified by Dyson & Williams (1980). This model as-
sumes an initially spherically symmetric cloud with a radius
of Rcl, a total mass of Mcl and a uniform density of ρcl con-
taining atomic hydrogen with a uniform temperature of Tcl.
As shown by Strömgren (1939), the flux of high energy Ly-
man continuum photons,NLyC, emitted by the central source
will ionise a spherical region of radius,

Rst =

(
3NLyCm2

p

4παBρ
2
cl

)1/3

= 0.57
( NLyC

1050s−1

)1/3 (
ρcl

100M�pc−3

)−2/3
,

(12)

where mp is the mass of a proton, and the recombination

coefficient can be taken as αB ≈ 2.7 × 10−13 cm3 s−1. This
simplified solution for Rst assumes an ISM that is composed
solely of H, with no He. The so-called Spitzer solution to the
variation in H ii region radius with time is given as,

RSp(t) = Rst

(
1 +

7
4
σT,it
Rst

)4/7
(13)

where σT,i is the sound speed within the ionised gas (∼
8 km s−1 at 5000 K; see section 2.1.1), and t the age of the
H ii region. For all analytic solutions presented in this sec-
tion, we make the assumption that Tcl/THII �1, where the
Tcl is the neutral medium temperature and THII is the ionised
gas temperature. Nonetheless, we consider that this may
not hold within the Galactic Centre, where both the elec-
tron temperature is lower and the neutral gas temperature
is higher; Tcl/THII ∼ 50 K/5000 K∼ 0.01 (e.g. Mehringer et al.
1992; De Pree et al. 1996; Clark et al. 2013; Krieger et al.
2017). To test this, we use the integral of the full Spitzer
solution given in Raga et al. (2012, equ. 9 and 10), and find
an overall decrease in the predicted size of the H ii regions of
1 and 10 per cent at times of 0.2 Myr and 1.3 Myr, respec-
tively. This deviation is well within the expected uncertainty
on these analytic solutions inherited from the broad range
of input parameters, and, therefore, continue to work un-
der the assumption that the Tcl/THII �1 simplification holds
within the Galactic Centre.

A second simple method for describing the expansion of
an H ii region is provided by Hosokawa & Inutsuka (2006),
who used the equation of motion of the expanding shell to
derive the time dependent position of the ionisation front.
This solution can be given as,

RH&I(t) = Rst

(
1 +

7
4

√
4
3
σT,it
Rst

)4/7

, (14)

This differs from equation 13 by a factor of
√

4/3, due to the
inclusion of the inertia of the shocked gas (see Bisbas et al.
2015). This model also only accounts for the thermal pres-
sure of the ionised gas. We note that the “early phase”
Spitzer (1978) and Hosokawa & Inutsuka (2006) solutions
for thermal expansion have been chosen for their simplicity.
However, we have shown that the H ii regions studied here
could be close to pressure equilibrium with their surround-
ing environment and, therefore, in a later stage of expansion.

We note that there are analytic models that account for the
swept-up material in the shell during the later expansion
phase(s), which in effect slow the expansion rate for times
larger than ∼ 0.5 Myr (e.g. Raga et al. 2012; Williams et al.
2018). However, we will shortly show that the observed H ii
region sizes are typically unpredicted by the thermal expan-
sion models. These late time solutions are, therefore, not
considered within this section as the further slowing of the
expansion rate would not provide a better agreement with
the observations.

A third model for the expansion of an H ii region is pro-
posed by Weaver et al. (1977). This solution accounts for the
stellar wind pressure, and takes the following form (Tielens
2005),

RW(t) '
(

2
π

Lwind
ρ0

t3
)1/5

,

' 32
(

Lwind
1036 erg s−1

)1/5 (
ncl

0.5 cm−3

)−1/5 (
t

106yr

)3/5
, (15)

where ncl is the initial molecular hydrogen number density of
the host molecular cloud; i.e. ncl = ρcl/µH2 mH, where µH2 =

2.8 is the mean molecular weight per hydrogen molecule, and
mH = 1.67×10−24 g is the mass of atomic hydrogen. The wind
mechanical luminosity, Lwind, is obtained by considering the
stellar population within each region. For each high mass
star, Lwind can be expressed as,

Lwind =
1
2
ÛMv2
∞ , (16)

where ÛM is the stellar wind mass-loss rate and v∞ is the ter-
minal wind velocity. Following McLeod et al. (2019), we use
the mass-loss rates and terminal velocities determined for
a range of O-type stellar types from Muijres et al. (2012,
Table 1).7 We use the spectral classifications determined
from the radio observations outlined in Table 2 to calcu-
late the wind luminosity for the Galactic Centre sources (i.e.
Mehringer et al. 1992; Schmiedeke et al. 2016).

The final, more complex analytical models we consider
were presented by Krumholz & Matzner (2009, section 2,
equations 11-13) and Kim et al. (2016, section 2, equations
1-5, 10, and 13-16). These authors build upon the afore-
mentioned solutions and account for both the thermal and
radiation pressure contributions to the expansion. Moreover,
Krumholz & Matzner (2009, section 3) include trapping ef-
fects, where the feedback from the young stars is contained
within the H ii region bubble. The over-pressure caused by
the trapped energy results in a significantly increased ex-
pansion speed of the H ii region.

Figure 7 shows the size as a function of age for each of
the analytic models estimated using the range of observed
properties within the Galactic Centre H ii regions and their
progenitor clouds. We adopt Lyman continuum ionisation
rates of NLyC = 0.08×1050s−1 and 5×1050s−1, which bracket
the range of total ionisation rates measured within G0.6
and Sgr B2, respectively. For Krumholz & Matzner (2009),
we use bolometric luminosities of Lbol ∼ 106−7 L�, which

7 We assume that all the Galactic Centres H ii regions contain

supergiant stars, and use the last column in Muijres et al. (2012,
Table 1) for ÛM , and compute the terminal velocity as 2.6 times

the escape velocity (seventh column).
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Feedback in high-pressure environments 11

have been measured towards Sgr B2 and G0.6, respectively
(see Barnes et al. 2017). For the Weaver et al. (1977) solu-
tion, we use wind luminosities of Lwind = 10 L�, 100 L�and
4000 L�, which cover the measured range within G0.6, Sgr
B1 and Sgr B2, respectively. For all the models we adopt
the same initial cloud density of ρcl = 650 M� pc−3, or
ncl = 9.5 × 103cm−3, which corresponds to the lowest den-
sity estimated for the Galactic Centre precursor molecular
clouds (i.e. mcl ∼ 1.5×104M� and rcl ∼ 1.75 pc for Cloud “b”;
Barnes et al. 2017). We use rcl and ρcl as r0 and ρ0 for the
Krumholz & Matzner (2009) solution, respectively. These
values of rcl, ρcl, ncl, NLyC, Lbol, and Lwind were chosen to
give the most representative expansion rates for the Galac-
tic Centre H ii regions. Finally, for the Krumholz & Matzner
(2009) solution,8 we consider two physical scenarios, rep-
resented by two different values of the trapping param-
eter ftrap. This parameter represents the factor by which
the radiation-pressure force is enhanced by the trapping
of energy within the expanding shell. Our first scenario is
ftrap = 1, which corresponds to every emitted photon be-
ing absorbed once in the shell and depositing its momen-
tum there before escaping. Our second scenario is ftrap = 3,
which corresponds to a moderate amplification of the radi-
ation force due to additional scattering of the IR photons
produced by the initial absorption and re-emission, or due
to the added pressure of hot stellar winds; in terms of pres-
sures, ftrap = 3 corresponds to PIR = 2Pdir or PX = 2Pdir.
Krumholz & Matzner (2009) suggest that ftrap values of a
few could be typical for a relatively non-porous shell, and
this result is consistent within the uncertainties with our
measured value of PIR.

The corresponding range of predicted effective radii
within the observational limits are plotted as a function of
time as coloured shaded regions in Figure 7. Note that the
wind solution for Sgr B2 using Lwind = 4000 L� has been
plotted separately as a dashed red line. We compare the
models to the observed sizes and ages of the Galactic Cen-
tre H ii regions (see Table 4). We assume a ±20% uncertainty
on the age of the observed H ii regions, and calculate the ef-
fective radius uncertainty from the semi-major and minor
axis of an ellipse placed over the contour used to define each
source (as outlined in Barnes et al. 2017; also shown on Fig-
ure 1).

Figure 7 shows that all the expansion solutions do
a reasonable job of predicting the sizes of the observed
H ii regions given that there has been no fine-tuning of
the model parameters. The thermal and radiation pres-
sure solutions reproduce the effective radius of G0.6 well.
However, they under-predict the radius of Sgr B2, Sgr
B1 and G0.3 by a factor of ∼3. We see that the wind
and trapped radiation solutions match the radius of Sgr
B2 (Weaver et al. 1977; Krumholz & Matzner 2009). Yet,
only the Krumholz & Matzner (2009) trapped solution also
matches the larger radii of Sgr B1 and G0.3.

Bringing these results together suggests that a mod-

8 In the models of Krumholz & Matzner (2009), we assume a
constant initial density profile (kρ = 0), and the case of a blister

H ii region, or a constant of 1.9×10−2 in their equations 4 and 5.

This constant has been reduced by a factor of 2.22 to account for
the number of free particles per H nucleus (Fall et al. 2010).

est amount of trapping, either in the form of confined stel-
lar winds or confined IR photons, is important at early
times in driving the expansion of the H ii regions. Wind
feedback, however, needs to become weaker at later times
(> 0.2Myr), to explain the large, more evolved H ii regions.
The Weaver et al. (1977) solution assumes that the wind gas
is adiabatic and trapped, so it applies to a bubble that is
completely closed and has no cooling. As soon as gas breaks
out, or there is significant mixing between hot and cold gas
that leads to cooling, the expansion speed will drop below
the Weaver et al. (1977) solution. There is evidence of such
strong energy loss from winds for porous H ii regions out-
side of the Galactic Centre (Harper-Clark & Murray 2009;
Rosen et al. 2014). This porosity could be caused by stellar
feedback punching holes in the H ii shell or expansion into a
non-uniform (turbulent) medium, and can occur relatively
early within the H ii region’s lifetime (<1 Myr). It is entirely
possible, however, that in the high-density environment of
the Galactic Centre, the winds stay contained within the
shell longer, which could lead to a more prolonged expan-
sion.

In summary, we propose that Figure 7 shows evidence
for an energy-driven phase of expansion, where either pho-
tons or hot gas are contained within the H ii regions, but this
phase must end by the time the H ii region is ∼ 1 Myr old.
This timescale is shorter than the predicted cloud lifetime
in the Galactic Centre environment (Jeffreson et al. 2018),
again implying that stellar feedback is also an important
driver of the cloud lifecycle under high-pressure conditions.

Finally, in this section, we assess if the large scale
expansion of these H ii regions has indeed stalled, as
is suggested by the balance of their internal pres-
sure components with the surrounding Galactic Cen-
tre environment (section 4.1). To do so, we follow
Bisbas et al. (2015) and calculate the stalling radius, Rstall,
as Rstall,Sp = Rst(σT,i/σT,n)4/3 for the Spitzer (1978) so-

lution, and Rstall,H&I = Rst(σT,i/σT,n)4/3(8/3)2/3 for the
Hosokawa & Inutsuka (2006) solution. In these equations,
σT,i ∼ 8 km s−1 and σT,n ∼

√
TclkB/mHµH2 ∼ 0.4 km s−1

are the sound speed in the ionised and neutral gas, re-
spectively (where µH2 = 2.37). Using the same parameter
ranges assumed above, we calculate Rstall,Sp = 4 − 12 pc and
Rstall,H&I = 8− 23 pc. These cover the measured size range of
∼ 2−7 pc for the Galactic Centre H ii regions (see Figure 7).
Therefore, this analysis further supports that the Galactic
Centre H ii regions, particularly the largest of these (Sgr
B1 and G0.3), may have reached pressure equilibrium with
their surrounding environment, and could, therefore, have
now stopped expanding.

4.3 Comparison to feedback simulations

In this section, we compare the observed Galactic Centre H ii
regions to a set of feedback simulations to better understand
the evolution of internal pressure components. To do so, we
make use of the smoothed–particle hydro-dynamics simula-
tions described in Dale et al. (2012), specifically their Run
F simulation. Run F models a sub–virial turbulent 105 M�
cloud with an initial radius of 10 pc. Such a massive and
dense cloud in principle offers a realistic comparison with
typical Galactic Centre clouds.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/staa2719/5902863 by :: user on 25 Septem

ber 2020



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

12 A. Barnes, S. N. Longmore, et al.

The simulations presented in Dale et al. (2012) allow
star formation to initiate, and then model the effects of pho-
toionisation feedback to examine the dynamical effects of the
expansion of the H ii regions. Star formation occurs at many
different locations within the cloud, resulting in several dis-
tinct sources of ionising radiation.

We choose to focus on the snapshot of the Run F simula-
tions at 0.78 Myr after the formation of the first O–stars and
the initiation of ionisation feedback, as this approximately
corresponds to the average age of the Galactic Centre H ii
regions (∼ 0.8 Myr). We extracted the ionised gas from the
snapshot and computed a map of the emission measure inte-
grating along the z–axis by integrating the electron density.
To produce mock observations, we then convert the emis-
sion measure values into units of flux density following the
conversions of Mezger & Henderson (1967, e.g. also see eq.
6 of Schmiedeke et al. 2016). We assume a temperature of
104 K, a source distance of 8.5 kpc, a beam size of 5′′, and
a frequency of 5 GHz. The latter two of these parameters
were chosen such that we can make a direct visual compar-
ison to some example 5 GHz VLA observations of the Sgr
B1 source (Butterfield et al. in prep), which is the closest in
estimated age to the simulation snapshot. Is Figure 8 shows
the Sgr B1 VLA observations and the simulated observa-
tions over the same angular scale, set to the same colour
scale and overlaid with equivalent contour levels. Here, we
see similarly compact structures within the two maps that
have peak fluxes ∼ 0.1 Jy beam−1 and sizes of ∼ 1pc.9 On the
large scale, there appears to be significantly more extended
emission within the VLA observations. We believe that this
may be due the simulated cloud having no external pres-
sure confining it, so that diffuse ionised gas can leak away
to large radii and achieve very low densities. It may also be
related to the complex environment of the Galactic Center,
which makes it difficult to determine what fraction of the
diffuse component is physically associated with the compact
sources.

To make a direct comparison to the internal pressures
within the observed H ii regions, we apply the same analysis
presented in section 2.1 to the simulated 5 GHz observations.
Specifically, we smooth the simulation map to the same res-
olution as the data, and then run a dengrodram analysis on
it using the same parameters we use on observations.10 We
then extract the scale-dependent pressures using the same
two methods described in sections sections 2.1.1 and 2.1.2.

The right panel of Figure 8 shows the components of the
internal pressure calculated for the Galactic Centre observa-
tions and the simulated observations as a function of radius.
Again, we find a nice agreement between the simulations and
observations. The match is particularly good on the small-
est spatial scales (∼ 0.1 pc), where we have good crossover
in spatial scale between the two data sets. Moreover, it is
interesting that the simulations recover the anti-correlation
of decreasing pressure with increase size-scale seen in the

9 The spatial resolution of both maps is ∼ 0.2 pc, which limits the

identification of any ultra-compact H ii regions seen in Sgr B2 by
e.g. De Pree et al. (1998).
10 The following set of parameters are used for determination

of the dendrogram structure from the simulations: min value =
10σ ∼ 0.04 mJy beam−1; min delta = 10σ; min delta = 1 beam

∼ 25 pixels.

observations, and appear to have the slope between P ∝ r−1

and P ∝ r−2 (compare to the overplotted dashed lines).
In the simulations, the ionising sources at this epoch

are still embedded in, or at least close to, the dense, cold
filaments in which star formation in the cloud is initiated.
It is this gas which is being ionised, and recently–ionised
gas, therefore, has high densities. However, the ionised gas
rapidly expands into lower–density regions of the cloud, and
eventually leaves the cloud entirely, forming an ionised flow
(i.e. driven by the thermal ionised gas pressure PHII) with an
expansion velocity on the order of 10 km s−1. We suggest that
this may be an explanation of the relation between pressure
and size-scale seen in the Galactic Centre clouds. They may
also be the result of recently–formed massive stars which are
still disrupting the small, dense gaseous structures in which
most of the star formation in their host clouds is occur-
ring, by driving pc–scale ionised outflows which disperse the
ionised gas to large scales and lower densities and pressures.

4.4 Energy and momentum budget

Within this section, we assess the coupling efficiency be-
tween the total energy injected by the stellar population
within the Galactic Centre H ii regions, and the observed
energy and momentum of the H ii regions (section 3.2).

To determine the total energy injection by the stellar
population within each H ii region, we simply assume that
the luminosity emitted over the lifetime of the stellar pop-
ulation within the H ii region could be theoretically used to
directly drive its expansion. The coupling efficiency in this
case would be εE = Eobs/Etot, where Eobs is the observed ki-
netic energy of the expanding shell (section 3.2), and Etot is
the total energy,

Etot = Lboltage, (17)

where tage is the age given in Table 1.
To determine the total Lbol for Sgr B2, G0.6 and Sgr

B1 we use the highest resolution and quality H ii region
catalogues available for each source within the literature
(Schmiedeke et al. 2016; Mehringer et al. 1992). We use the
stellar parameters of O and early B type stars determined
by Vacca et al. (1996, Table 5) to convert the catalogued
ZAMS type to a bolometric luminosity. We then sum these
individual luminosities to get total bolometric luminosities
of 106.5L�, 105.3L�, and 105.7L� for Sgr B2, G0.6 and Sgr
B1, respectively. Given that approximately L ∝ M3.5, we
do not account for the contribution to the total luminosity
from lower mass stars not observed in the radio continuum
(i.e. those with M < 8 M�).

Using the bolometric luminosities in the above equa-
tions gives total energies of 1045.9, 1045.3, and 1045.8 J for
Sgr B2, G0.6 and Sgr B1, respectively. Comparing these to
the observed energies given in Table 4, we calculate energy
coupling efficiencies of εE = Eobs/Etot of 7 × 10−5, 15 × 10−5,
24 × 10−5 for Sgr B2, G0.6, and Sgr B1, respectively. These
results are summarised in Table 5. In short, we find that
only a very small fraction of the total energy released by the
young stellar populations studied here goes into driving the
expansion of the H ii regions. We expect then that the vast
majority of the energy coming out either goes into ionisation
or is just starlight that we observe.
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Feedback in high-pressure environments 13

Table 5. Total bolometric luminosity, energy output, energy
coupling,a and the momentum efficiency factorb for each of the

Galactic Centre H ii region (section 4.4).

Source log(Lbol) log(Etot) εE
a ψW

b

(L�) (J) (10−5)

Sgr B2 6.51 45.92 6.9 3.5

G0.6 5.26 45.31 14.7 29.5

Sgr B1 5.72 45.81 24.4 19.8

a εE = Eexp/Etot or fraction of energy output by embedded
stellar population that have driven the expansion of the H ii

region (see Table 4).
b ψW = pexp/(Lbolctage) or the momentum in expanding shell

to the momentum carried by the radiation field.

We also assess the momentum budget of the embed-
ded stellar populations with respect to their expanding H ii
regions. To do so, we follow Dekel & Krumholz (2013), and
calculate the momentum efficiency factor, or the ratio of mo-
mentum in the expanding shell to the momentum carried by
the radiation field. We define this as the dimensionless fac-
tor ψW = pexp/(Lbolctage), which describes the relative impor-
tance of either the radiation field (ψW < 1) or the thermal
pressure (ψW > 1) in driving the expansion of the H ii region.
The parameters for this calculation are given in Tables 4 and
5. We find that ψW ∼ 4, 30 and 20 for Sgr B2, G0.6 and Sgr
B1, respectively (see Table 5). Therefore, ψW is larger than
unity for all the Galactic Center H ii regions, highlighting
that winds cannot provide the energy required for the ob-
served expansion and the regions should be thermal pressure
dominated. This result is in-line with the H ii regions having
a larger warm ionised gas pressure components compared to
direct radiation pressures when measured over similar scales
of ∼ 1 pc (see Figure 3). Additionally, it is interesting that we
find the that the youngest H ii region (Sgr B2; 0.2 Myr) has
a significantly smaller momentum efficiency factor than the
older H ii regions (e.g. Sgr B1; ∼ 1 Myr). This could be evi-
dence to show that H ii regions become more thermal pres-
sure dominated, as opposed to radiation pressure dominated,
as they expand and evolve.

5 CONCLUSIONS

SNe are thought to play a major role in the self-
regulation of star formation in galaxies across cosmic
time (McKee & Ostriker 1977; Mac Low & Klessen 2004;
Klessen & Glover 2016). However, the efficiency with which
SNe energy and momentum couples to the local galactic en-
vironment strongly depends on the density distribution of
the surrounding ISM (see Girichidis et al. 2016 and refer-
ences therein). Feedback processes from the pre-SNe stages
of high-mass stars play a significant role in determining the
environment into which SNe subsequently explode. Study-
ing these earliest stages of stellar feedback is then crucial
to understanding the coupling of SNe to their environment,
and hence their contribution to the energy cycle of star
formation in galaxies. There are observational constraints
on the magnitudes and timescales of early stellar feed-
back in low ISM pressure environments (e.g. Kruijssen et al.

2019b; Chevance et al. 2020c,b), yet no such constraints ex-
ist for more cosmologically typical high ISM pressure envi-
ronments. In this work, we aim to address this by studying
the early evolutionary stages (pre-SNe) of stellar feedback
within the central ∼100 pc of the Milky Way’s Galactic Cen-
tre.

We investigate the dominant pressures within H ii re-
gions using the methods outlined by Lopez et al. (2011),
Lopez et al. (2014), and McLeod et al. (2019). These au-
thors calculate the four sources of pressure responsible for
the expansion of H ii regions as: thermal pressure from the
warm (104 K) ionised gas (PHII), direct radiation pressure
from the luminous stellar population (Pdir), pressure from
the photons released by heated dust (PIR), and thermal pres-
sure from the shock heated (106 K) X-ray emitting gas (PX).
Here we calculate three of these, PHII, Pdir, and PIR within
four large, Galactic Centre H ii region complexes (see Fig-
ure 3); PX is unfortunately inaccessible due to the very large
extinction and strong foreground toward the Galactic Centre
at soft X-ray wavelengths.

We plot the pressure terms as a function of size scale,
and find mean radial dependences of PHII ∝ R−1

eff , and Pdir ∝
R−1.5

eff (see Figure 4). As a result of this radial variation, Pdir
dominates on the small scales (0.01 pc), Pdir ∼ PHII on the
intermediate scales (0.01 − 0.1 pc), and on the large (> 1 pc)
scales PHII > PIR ∼ PX > Pdir (section 2.1). Comparing to H ii
regions within the Large and Small Magellanic Clouds (LMC
and SMC, respectively), where the ambient pressure is 2-3
orders of magnitude smaller than the ∼ 107−8 K cm−3 found
in the Galactic Centre, we find that the radius at which H ii
regions reach pressure balance with their environments is
∼ 2 − 3 pc in the Galactic Centre, versus > 100 pc in the
Magellanic Clouds (section 4.1). Given that the maximum
sizes of H ii regions in the Galactic Centre and LMC/SMC
match the radius at which the internal pressure matches the
ambient ISM pressure, we suggest that this shows the H ii
regions sizes are set by the point of pressure equilibrium with
the ambient medium (see Figure 6).

We also compare our results to the predictions of mod-
els for H ii region expansion driven by thermal pressure of
the ionised gas, radiation pressure including trapping ef-
fects, or stellar winds (see Figure 7). Combining observed
sizes with H ii region ages estimated from orbital mod-
elling (Longmore et al. 2013b; Kruijssen et al. 2015), we find
that three of the four H ii regions have radii that are best
fit by solutions with a moderate amount of boosting by
trapped wind or radiation energy. Wind models where the
hot gas is purely adiabatic (e.g. Weaver et al. 1977) tend
to overpredict H ii region radii, while those assuming ex-
pansion driven solely by direct starlight or warm gas pres-
sure (e.g. Hosokawa & Inutsuka 2006; Kim et al. 2016) un-
derpredict them. The best fitting results come from the
Krumholz & Matzner (2009) model with moderate trapping
of wind or IR radiation energy ( ftrap ∼ 3 in their notation).
Consistent with this conclusion, direct measurement of the
momentum budget of the expanding shells suggests that
they typically carry ∼ 10 times the momentum of the di-
rect radiation field, again suggesting that modest amounts
of trapped energy are boosting the expansion rate.

We also compare to a set of smoothed–particle hydro-
dynamics simulations including photoionisation feedback
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14 A. Barnes, S. N. Longmore, et al.

(Dale et al. 2012). Analysis of synthetic radio maps from
the simulation show excellent agreement with the small-scale
morphology of the observed H ii regions as a function of ef-
fective radius. In the simulations, the embedded stellar pop-
ulation is ionising small-scale dense gaseous structures from
which stars are forming, and then the ionised gas is dispers-
ing to larger scales and lower densities and pressures. This
produces a P ∝ r−2 profile comparable to that seen in the
observations, suggesting that this profile may be an imprint
of escaping photoionised gas.

In all, we find that the Galactic Centre H ii regions
are dominated by the direct radiation pressure on only the
smallest scales (<0.01 pc), and at all larger scales they ap-
pear to dominated by the thermal pressure of the ionised
gas (>0.01-10 pc); there is evidence for a modest contri-
bution from trapped IR radiation or hot stellar wind gas
early in the expansion, but by significantly less than would
be expected for efficient trapping. We see a link between
the ages of the H ii regions and the relative importance of
both the direct and thermal expansion, which suggest that
as the H ii regions evolve they also become further domi-
nated by the ionised gas thermal pressure. We find that the
thermal pressure-driven expansion then reaches a point of
pressure equilibrium with the surrounding environment, at
which point further expansion is halted. The high ambient
pressure within the Galactic Centre then naturally explains
the systematically smaller H ii regions compared to those
observed with in the LMC and SMC.

In view of the striking similarity between the H ii region
radii and the radius at which the region pressure drops to the
ambient pressure, we hypothesise that star formation pro-
ceeds until the gas inflow can be halted, irrespective of the
environment. In this case, star formation and feedback self-
regulate such that each cloud attains the integrated star for-
mation efficiency required for blowout, which happens when
the nascent stellar population can drive the H ii region ra-
dius to the cloud (or gas disc) scale height. A similar con-
clusion was recently reached for giant molecular clouds in
NGC 300, which have a mean separation length that closely
matches the gas disc scale height, suggesting that their in-
plane spacing is set by feedback bubbles breaking out of the
disc (Kruijssen et al. 2019b). Interestingly, the H ii region
expansion velocities measured across the nearby galaxy pop-
ulation are highly similar to the ones obtained here for the
Galactic Centre and have also been attributed to thermal
feedback (Kruijssen et al. 2019b; Chevance et al. 2020c,a;
McLeod et al. 2020). Together with the present work, these
studies provide evidence for feedback-regulated cloud life-
cycles, with surprisingly universal characteristics over three
orders of magnitude in ambient gas pressure.
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Strömgren B., 1939, ApJ, 89, 526

Sun J., et al., 2018, ApJ, 860, 172

Sun J., et al., 2020, ApJ, 892, 148

Swinbank A. M., et al., 2011, ApJ, 742, 11

Swinbank A. M., Smail I., Sobral D., Theuns T., Best P. N., Geach

J. E., 2012, ApJ, 760, 130

Tacconi L. J., et al., 2013, ApJ, 768, 74

Tielens A. G. G. M., 2005, The Physics and Chemistry of the
Interstellar Medium

Tress R. G., Sormani M. C., Glover S. C. O., Klessen R. S., Bat-
tersby C. D., Clark P. C., Hatchfield H. P., Smith R. J., 2020,

arXiv e-prints, p. arXiv:2004.06724

Vacca W. D., Garmany C. D., Shull J. M., 1996, ApJ, 460, 914

Veilleux S., Cecil G., Bland-Hawthorn J., 2005, ARA&A, 43, 769

Veilleux S., Maiolino R., Bolatto A. D., Aalto S., 2020, A&AR,

28, 2

Walker D. L., Longmore S. N., Bastian N., Kruijssen J. M. D.,

Rathborne J. M., Jackson J. M., Foster J. B., Contreras Y.,

2015, MNRAS, 449, 715

Walker D. L., Longmore S. N., Bastian N., Kruijssen J. M. D.,

Rathborne J. M., Galván-Madrid R., Liu H. B., 2016,
MNRAS, 457, 4536

Walker D. L., et al., 2018, MNRAS, 474, 2373

Walsh A. J., Lo N., Burton M. G., White G. L., Purcell

C. R., Longmore S. N., Phillips C. J., Brooks K. J., 2008,

Publ. Astron. Soc. Australia, 25, 105

Walsh A. J., et al., 2011, MNRAS, 416, 1764

Weaver R., McCray R., Castor J., Shapiro P., Moore R., 1977,

ApJ, 218, 377

Williams R. J. R., Bisbas T. G., Haworth T. J., Mackey J., 2018,
MNRAS, 479, 2016

Wink J. E., Wilson T. L., Bieging J. H., 1983, A&A, 127, 211

Yusef-Zadeh F., Muno M., Wardle M., Lis D. C., 2007, ApJ,

656, 847

Zhang S., et al., 2015, ApJ, 815, 132

APPENDIX A: PRESSURE COMPONENTS

In this section, we provide the values of the PHII, Pdir, and
PIR pressure components determined within the four Galac-
tic Centre H ii regions; Sgr B2, G0.6, Sgr B1, and G0.3.
These values form the basis of much of the analysis pre-
sented within this work, and are plotted as points in Fig-
ures 3, 4, 6, and 8. Table A1 gives each of the pressure com-
ponents and the effective radius over which they have been
measured either by the literature works (see Table 2), or
from the source identification routine presented in this work

(see sections 2.1.2 and 2.1.3). Missing values within the ta-
ble represent where the measurement set is not available
to determine the pressure component; e.g. in the case of
sources only identified in the high-resolution radio obser-
vations taken from the literature. In this table, we provide
the dust reprocessed emission pressure using the extinction
determined along each line of sight (PIR), and using a con-
stant visual extinction of AV = 20 mag (PIR(20 mag); see sec-
tion 2.1.3). Missing values within these columns can indi-
cate where the extinction is too high to accurately correct
within the dust-modelling routine (see section 2.1.3). The
full, machine-readable version of Table A1 can be obtained
from the supplementary online material of this work.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/staa2719/5902863 by :: user on 25 Septem

ber 2020



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

Feedback in high-pressure environments 17

Table A1. The discrete measurements of the pressure calculated from sources identified from various resolution radio data sets that have
been taken from the literature (see Table 2), or from the sources identified within the available infrared observations (see sections 2.1.2

and 2.1.3). Given in columns is the source, the source id, the direct radiation pressure (Pdir; section 2.1.2), the warm ionised gas pressure

(PHII; section 2.1.1), the dust reprocessed emission pressure (PIR; section 2.1.3), and literature reference. Missing values within the table
represent where the measurement set is not available to determine the pressure component; e.g. in the case of PIR for sources only identified

in the high-resolution radio observations taken from the literature. In this table, we quote the dust reprocessed emission pressure using the
extinction determined along each line of sight (PIR), and using a constant visual extinction of AV = 20 mag (PIR(20 mag); see section 2.1.3).

Missing values within these columns can indicate where the extinction is too high to accurately correct within the dust-modelling routine

(see section 2.1.3). The full, machine-readable version of this Table can be obtained from the supplementary online material.

Source id Reff log(Pdir/kB) log(PHII/kB) log(PIR/kB) log(PIR(20 mag)/kB) reference

pc K cm−3 K cm−3 K erg−1 K erg−1

SgrB2 1 1.447 6.367 . . . . . . . . . This work

SgrB2 2 3.235 6.210 . . . . . . 5.126 This work

SgrB2 3 1.402 6.508 . . . . . . 5.984 This work
SgrB2 4 2.322 6.573 . . . . . . 5.917 This work

SgrB2 5 1.652 6.530 . . . . . . 5.376 This work

SgrB2 6 1.447 6.610 . . . . . . 5.396 This work
SgrB2 2 0.038 9.054 8.158 . . . . . . Schmiedeke et al. (2016)

SgrB2 3 0.025 9.559 8.609 . . . . . . Schmiedeke et al. (2016)

SgrB2 4 0.007 10.067 8.582 . . . . . . Schmiedeke et al. (2016)
SgrB2 5 0.010 9.877 8.533 . . . . . . Schmiedeke et al. (2016)

SgrB2 6 0.010 9.856 8.501 . . . . . . Schmiedeke et al. (2016)
SgrB2 7 0.017 9.583 8.439 . . . . . . Schmiedeke et al. (2016)

SgrB2 8 0.009 9.958 8.615 . . . . . . Schmiedeke et al. (2016)

SgrB2 9 0.007 10.105 8.667 . . . . . . Schmiedeke et al. (2016)
SgrB2 10 0.029 9.267 8.305 . . . . . . Schmiedeke et al. (2016)

SgrB2 11 0.021 9.530 8.493 . . . . . . Schmiedeke et al. (2016)

SgrB2 12 0.038 9.226 8.362 . . . . . . Schmiedeke et al. (2016)
SgrB2 13 0.004 11.226 9.822 . . . . . . Schmiedeke et al. (2016)

SgrB2 14 0.002 12.004 10.260 . . . . . . Schmiedeke et al. (2016)

SgrB2 15 0.003 11.418 9.920 . . . . . . Schmiedeke et al. (2016)
SgrB2 16 0.001 12.277 10.350 . . . . . . Schmiedeke et al. (2016)

SgrB2 17 0.004 11.140 9.736 . . . . . . Schmiedeke et al. (2016)

SgrB2 18 0.004 11.141 9.920 . . . . . . Schmiedeke et al. (2016)
SgrB2 19 0.002 11.609 10.248 . . . . . . Schmiedeke et al. (2016)

SgrB2 20 0.002 11.705 9.963 . . . . . . Schmiedeke et al. (2016)

SgrB2 21 0.002 11.472 9.884 . . . . . . Schmiedeke et al. (2016)
SgrB2 22 0.002 11.329 9.910 . . . . . . Schmiedeke et al. (2016)

G0.6 1 1.708 6.266 . . . . . . 4.686 This work
G0.6 2 1.098 6.517 . . . . . . 5.997 This work

G0.6 3 1.402 6.566 . . . . . . 5.901 This work

G0.6 4 0.666 6.504 . . . 5.901 5.437 This work
G0.6 5 2.959 6.683 . . . . . . 5.829 This work

G0.6 6 1.380 6.596 . . . . . . 5.460 This work

G0.6 1 0.058 8.626 8.065 . . . . . . Mehringer et al. (1992)
G0.6 2 0.058 8.707 8.176 . . . . . . Mehringer et al. (1992)

G0.6 3 0.062 8.891 8.384 . . . . . . Mehringer et al. (1992)
G0.6 4 0.062 8.510 7.935 . . . . . . Mehringer et al. (1992)

SgrB1 1 1.181 6.379 . . . . . . . . . This work

SgrB1 2 1.690 6.913 . . . 6.732 6.559 This work

SgrB1 3 0.942 6.957 . . . 6.695 6.404 This work
SgrB1 4 1.652 6.588 . . . 6.696 5.845 This work

SgrB1 5 1.039 6.931 . . . 6.798 6.464 This work
SgrB1 6 0.504 6.828 . . . 6.334 6.051 This work

SgrB1 7 1.425 6.932 . . . 6.789 6.531 This work

SgrB1 1 0.058 8.311 7.618 . . . . . . Mehringer et al. (1992)
SgrB1 2 0.388 7.112 7.007 . . . . . . Mehringer et al. (1992)

SgrB1 3 0.039 8.688 7.917 . . . . . . Mehringer et al. (1992)

SgrB1 4 0.078 8.348 7.838 . . . . . . Mehringer et al. (1992)
SgrB1 5 0.271 7.369 7.172 . . . . . . Mehringer et al. (1992)

SgrB1 6 0.062 8.054 7.284 . . . . . . Mehringer et al. (1992)

G0.3 1 1.181 6.749 6.299 6.029 This work
G0.3 2 0.756 6.734 6.648 5.978 This work

G0.3 3 2.336 6.727 6.299 6.009 This work
. . . . . . . . . . . . . . . . . . . . . . . .
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Figure 2. Dust properties used to calculate the pressure compo-

nent from the dust reprocessed emission. The upper panel shows

the extinction and star-light contribution corrected infrared flux
ratios for all pixels within each (proto)-cluster. We overplot a

grid of the predicted flux density ratio from the dust model for
various values of the fraction of dust in polycyclic aromatic hydro-
carbons, qPAH, and the dimensionless scale factor of the radiation
absorbed by the dust, U. Horizontal lines show qPAH = 0.47, 1.12,

1.77, 2.50, 3.19, 3.90, 4.58 from left to right, and vertical lines
show U = 5, 15, 25, 100, 300, 1000, and 3000 from bottom to top.

The lower panel shows the results from the interpolation of the
qPAH and U dust model grid onto the observed flux ratios. The

5.8, 8 and 24 µm fluxes have been corrected for a constant visual
extinction of Av = 20 mag (Figer et al. 1999; Dutra et al. 2003;
Schödel et al. 2010). Sgr B2 has been omitted from this analysis

due to the high infrared extinction (A8µm > 10 mag, equal to a

visual extinction of Av > 100 mag).
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Figure 3. The pressure as a function of effective radius for each source. The points within this plot represent discrete measurements

of the pressure calculated from sources identified from various resolution radio data sets that have been taken from the literature (see
Table 2), or from the sources identified within the available infrared observations (see sections 2.1.2 and 2.1.3). The lines represent radial

profiles from the centre of each source, which have been determined using the infrared observations (sections 2.1.2 and 2.1.3). Blue points
and lines show the direct radiation pressure (Pdir; section 2.1.2), purple points and lines show the dust reprocessed emission pressure (PIR;

section 2.1.3), red points indicate the warm ionised gas pressure (PHII; section 2.1.1). The faded purple lines and points show the result
of using the extinction determined along each line of sight, as opposed to using a constant value, for the PIR analysis (see section 2.1.3).
The legend shows the references for the radio data used to determine these pressure components, where the numbers correspond to

the reference IDs provided in Table 2. We overlaid diagonal lines corresponding to P ∝ r−1 and P ∝ r−2 for reference. The vertical

black dashed line is the measured effective radius for each source (see Table 1). Points within the shaded grey region are larger than the
measured source sizes, and, therefore, may have spatial overlap with adjacent sources (see source ellipses shown in Figure 1). Analysis

within the shaded portion of the parameter space should be treated with caution. The discrete measurements of each pressure component,
shown as points within this plot, are given in Table A1 and a machine-readable table in the online supplementary material of this work.
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Figure 4. The observed pressure as a function of radius for each

source (labelled at the top of each panel). The symbols for each
observed component are identical to those shown in Figure 3.

Shown as diagonal dashed lines are the power-law fits to the pres-
sure components for each source. The parameters of these fits are
given in the legend of each panel, and are summarised in Table 3.

The diagonal grey dotten line shows P ∝ r−1 and P ∝ r−2 for
reference.
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Figure 5. [Left panels] The radio recombination lines that have been used to investigate the H ii region expansion velocities. These

have been taken from the Mopra CMZ survey (Walsh et al. 2008, 2011; Purcell et al. 2012; Jones et al. 2013), and have been smoothed

to the same spatial and spectral resolution. To achieve better signal-to-noise, the RRLs with similar frequencies have been stacked
(H52α+ H53α; H61 + H69α). [right panels] Mean spectra across Sgr B2 and Sgr B1 (Barnes et al. 2017). These have been fit with a

single Gaussian velocity component, which is shown as a faded blue curve on each spectrum, and the velocity dispersion from each fit is

shown at the top of each panel.
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Figure 6. A comparison between the Galactic Centre, LMC and

SMC (Lopez et al. 2011, 2014; McLeod et al. 2019). In the upper
panel the points are differentiated in colour by their host environ-

ment, and in the lower panel the points are differentiated by the

pressure component (as labelled). Circles show the pressure com-
ponents determined in this work, pentagons are SMC sources from

Lopez et al. (2014), triangles are LMC sources from Lopez et al.

(2011, 2014) and squares are LMC sources from McLeod et al.
(2019). We note that the hot X-ray emitting gas pressure com-

ponent (PX) was not calculated within the CMZ due to the high

extinction (section 2.1), but we do show PX determined for the
LMC and SMC for comparison (Lopez et al. 2011, 2014). We

show the ambient pressures determined for the Galactic Centre
(Walker et al. 2018) and LMC (Hughes et al. 2013) as horizon-
tal grey dotted lines. The diagonal grey dotted lines show the

P ∝ r−1 and P ∝ r−2 relations.
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Figure 7. A comparison between the sizes of the observed

Galactic Centre H ii regions, and the predictions from theoret-
ical models as a function of time (section 4.2). The model predic-

tions have been taken from Weaver et al. (1977), Spitzer (1978),

Hosokawa & Inutsuka (2006), Krumholz & Matzner (2009), and
Kim et al. (2016). These are shown as coloured shaded regions

and lines (see legend). The shaded region represents the range of

predicted effective radius at a given time within the observational
limits for the observed initial cloud properties (ρcl, rcl, ncl) and

H ii region properties (NLyC, Lbol, Lwind, ftrap). The dashed line

shows the Weaver et al. (1977) wind solution using Lwind deter-
mined for the most massive H ii region; Sgr B2 (see text). We

assume a ±20% uncertainty on the age of the observed H ii re-
gions, and calculate the radius uncertainty from the semi-major

and minor axis of an ellipse placed over the contour used to define

each source (as outlined in Barnes et al. 2017).
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Figure 8. A comparison between a Galactic Centre H ii region and mock observations taken from the feedback simulations (see sec-

tion 4.3). The left panel shows a 5 GHz continuum map taken with the VLA towards the Sgr B1 region (Butterfield et al. in prep), while
the central panel is a snapshot from the simulations at a time of ∼ 0.8 Myr, approximately corresponding to the assumed age of Sgr B1

(see Table 1). The simulations have been converted from emission measure units to units of flux densities following Mezger & Henderson

(1967). To allow a direct comparison to the observations, the colour scale limits are the same for both maps. Contours show isosurfaces
of log(F5GHz) at intervals of 0.35 dex; the lowest contour corresponds to 10−0.5 mJy beam−1, and the highest to 102 mJy beam−1. The right

panel shows a comparison between the observed and simulated internal pressure components as a function of the H ii region effective

radius. Here, only the warm ionised thermal pressure (PHII; circles) and the direct radiation pressure (Pdir; squares) are shown. Note that
for the simulated pressures, the largest values were obtained by running our source identification and analysis on spatially smoothed

versions of the simulated map shown in the central panel. In doing so, these simulated values offer a direct comparison to the method used

to analyse the observed H ii regions at increasing (or lower) resolutions within each source. The overlaid diagonal lines shows P ∝ r−1

and P ∝ r−2 for reference (note that these are not fits to the data).
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