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ABSTRACT

The tight correlation between turbulence and luminosity in giant HII regions (GHRs) is not well understood. While the luminosity is
due to the UV radiation from the massive stars in the ionizing clusters, it is not clear what powers the turbulence. Observations of
the two prototypical GHRs in the local Universe, 30 Doradus and NGC 604, show that part of the kinetic energy of the nebular gas
comes from the combined stellar winds of the most massive stars, the cluster winds, but not all. We present a study of the kinematics
of 30 Doradus based on archival VLT FLAMES/GIRAFFE data and new high-resolution observations with HARPS. We find that the
nebular structure and kinematics are shaped by a hot cluster wind and not by the stellar winds of individual stars. The cluster wind
powers most of the turbulence of the nebular gas, with a small contribution from the combined gravitational potential of stars and gas.
We estimate the total mass of 30 Doradus and we argue that the region does not contain significant amounts of neutral (HI) gas, and
that the giant molecular cloud 30 Dor-10, which is close to the center of the nebula in projection, is in fact an inflating cloud tens of
parsecs away from R136, the core of the ionizing cluster. We rule out a Kolmogorov-like turbulent kinetic energy cascade as the source
of supersonic turbulence in GHRs.
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1. Introduction

Besides the obvious difference in size, the fundamental dis-
tinction between giant HII regions (GHRs) and their smaller
(mostly) Galactic counterparts (e.g., Orion) lies in the velocity
width of their integrated emission-line profiles. Whereas small
HII regions have thermal velocity widths, the integrated widths
of GHRs are highly supersonic.

Despite decades of research and discussions, there is nev-
ertheless still no agreement as to the origin of the supersonic
turbulence in GHRs. As so many other human endeavors of
our days, opinions are divided into two seemingly irreconcil-
able camps: the “gravity” camp, championed by the authors of
the current paper in various combinations, many with other col-
laborators (see e.g., Fernández Arenas et al. 2018 for a recent
discussion and historical perspective); and the “stellar-winds”
camp led by Chu and Kennicutt (Chu & Kennicutt 1994).

The defenders of gravity argue that the surprisingly tight cor-
relation between the global Balmer line-profile widths (σ; Hα or
Hβ) and the integrated flux of these lines – the so-called L-σ
relation (shown in Fig. 1) – is the unequivocal telltale signature
of gravity, although the slope of the correlation (L ∝ σ5) cannot
be deducted from first principles. The fact that HII region-like
galaxies, or HII Galaxies also define a tight L–σ relation of
similar slope is also an argument in favor of gravity.

? Partly based on observations made with ESO Telescopes at the
La Silla Paranal Observatory under programmes 072.C-0348; 182.D-
0222; and 60.A-9700(G), and programme ID 076.C-0888, processed
and released by the ESO VOS/ADP group.

The stellar winds camp, on the other hand, base their argu-
ments on the morphology of GHRs, which is dominated by
prominent arcs and filaments, and on high-resolution spec-
troscopy that shows that the emission lines associated with these
morphological features are double or multiple as expected for
expanding bubbles of ionized gas propelled by stellar winds.

Chu & Kennicutt (1994) showed that when the ragged shapes
of the spatially resolved profiles are added up, the resulting inte-
grated profiles have a smooth supersonic Gaussian core with
broad unresolved wings matching observations of unresolved
nebulae surprisingly well.

The idea that winds from individual stars can generate the
observed bubbles has been disputed by Silich et al. (2020) who
argue that the close proximity of the massive stars within the ion-
izing clusters of GHRs implies that their winds must necessarily
merge into a hot cluster wind that percolates the pre-existing
interstellar medium, generating the hierarchy of expanding shells
that we see today. Although the difference between stellar winds
and a cluster wind is fundamental, it does not change the original
argument of Chu & Kennicutt (1994) in their explanation of the
multiple shell structure of GHRs.

Much of the work of the promoters of the stellar-wind argu-
ment is based on observations of the two nearest and therefore
best-studied GHRs in the Local Group: 30 Doradus in the LMC
and NGC 604 in M33. In particular, 30 Doradus has become a
sort of Rosetta Stone for deciphering the astrophysics of giant
HII regions and their ionizing stars. Furthermore, the ionizing
cluster of 30 Doradus (sometimes referred to as NGC 2070; oth-
ers as the R136 cluster) contains the largest concentration of
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Fig. 1. L–σ relation for GHRs adapted from Fernández Arenas et al.
(2018).

resolved massive stars in the local Universe, including some of
the few supermassive stars known (see Castro et al. 2018 for a
recent review).

Chu & Kennicutt (1994) argued that about 50% of the kinetic
energy of the nebular gas in 30Dor is in the expanding shells and
50% in some unspecified form of general turbulence. These latter
authors argued that the collective mass of stars and gas in the
nebula (M ∼ 5× 105 M�) is not enough to generate the observed
turbulence through the gravitational potential.

The aim of the present paper is to use new public
FLAMES/GIRAFFE data to perform a (renewed) detailed inves-
tigation of the nature of the supersonic turbulence of the nebular
gas in 30 Doradus.

2. The kinematics of the nebular gas in 30 Doradus

The large angular size of 30 Doradus (or 30Dor) has made it dif-
ficult to fully map the kinematics of the nebular gas. Smith &
Weedman (1972) used a single-channel Fabry-Perot (FP) inter-
ferometer to observe a number of positions in 30Dor with spatial
resolutions of 13′′; 30′′; 120′′. (Melnick 1977; reproduced in
Melnick et al. 1987) followed up on these observations and
showed that the structure function of turbulence in 30Dor was
flat, albeit with a spatial resolution of only 13′′ = 3.25 pc. How-
ever, long before that Feast (1961) had already found that there
was very little structure in the turbulence of the nebula. Chu &
Kennicutt (1994) improved upon these previous studies by dis-
secting 30Dor using long-slit Echelle spectrograms that provided
a significantly better spatial coverage, particularly in the outer
regions of the nebula. These latter authors found that the veloc-
ity field of the nebula is dominated by expanding shells of a wide
range of diameters, and concluded that the supersonic velocity-
width of the integrated Hα profile was by and large the result of
these expansion motions, although the shells accounted for only
about 50% of the kinetic energy of the gas. They also dismissed
the contribution of gravity in stirring up the gas kinematics.

Melnick et al. (1999) refined the observations of Chu &
Kennicutt (1994) using higher spatial and spectral resolutions,
albeit at only one slit position. These authors confirmed that
the supersonic Hα profiles are resolved into multiple compo-
nents, but at all positions along the slit they found a very
broad unresolved component of unknown origin. More recently,
Torres-Flores et al. (2013) used the multiplexing capability of

FLAMES/GIRAFFE on the VLT to address some of the issues
raised by Chu & Kennicutt (1994) and Melnick et al. (1999).
While Torres-Flores et al. (2013) largely confirmed the findings
of these earlier studies, they questioned the reality of the broad
unresolved component identified by Melnick et al. (1999).

For the ensuing discussion it is important to recall that sev-
eral phases of the interstellar medium coexist within 30 Doradus:
the region seems to contain significant amounts of molecular and
atomic hydrogen (Ochsendorf et al. 2017 and references therein);
there is the ionized gas at 104 K, which we refer to here as the
nebular gas; and there is a very hot X-ray-emitting medium at
107 K that we refer to as the hot gas. Here, when we talk about
supersonic motions we are referring to the gas at 104 K and a
sound speed of cs = 9.1 km s−1 for hydrogen.

2.1. 30 Doradus in FLAMES

2.1.1. Overall nebula

Torres-Flores et al. (2013) raised doubts about the reality of the
broad component of the integrated Hα profile of 30Dor identified
by Melnick et al. (1999), and therefore it seems relevant to begin
our analysis by revisiting this issue in order to set the ensuing
discussion on self-consistent grounds. We used a subset of the
data discussed by Torres-Flores et al. (2013), which we down-
loaded pipeline-processed from the ESO Archive (Phase3). We
discarded from this dataset all points showing discernible con-
tamination of the nebular profiles by stellar features, leaving a
total of 1668 individual spectra in our full sample.

Figure 2 shows the integrated profiles determined from these
data in two different ways. The top panel shows the average of
the 1668 individual FLAMES/GIRAFFE spectra. (Torres-Flores
et al. 2013; see also our Fig. 7) provide graphical illustrations of
how the data points are spatially distributed in the nebula show-
ing that the central regions are more densely sampled than the
outskirts, mostly by the VLT Flames Tarantula Survey obser-
vations (Evans et al. 2011). Therefore, in order to check for
effects that this inhomogeneous sampling may introduce, the
lower panel shows the integrated profile using only the data from
the uniform grid of Torres-Flores et al. (2013) for a total of 879
points.

Our Gaussian fits for both the full-sample and uniform-grid
profiles are surprisingly similar given the differences between
the two samples. The widths of the profiles also agree with
those of Melnick et al. (1999) and Torres-Flores et al. (2013) for
the core of the line, but the broad component of Torres-Flores
et al. (2013), σ2 = 49.1 km s−1, is significantly broader than
ours (σ2 = 41.3 km s−1; lower panel) for almost the same data.
The discrepancy is much larger than the formal fitting errors
(<1 km s−1), but it is well known that the parameters of multi-
Gaussian fits are sensitive to the statistical errors of the data,
which probably explains the discrepancy. We used the errors
provided by the ESO Phase3 pipeline propagated through the
various manipulations of the data, but we do not know how
Torres-Flores et al. (2013) estimated the corresponding errors.
Melnick et al. (1999) fitted two Gaussians to the total profile
of Chu & Kennicutt (1994) and found σ1 = 26 km s−1 and
σ2 = 44 km s−1, without including errors. We note that two
Gaussians do not fit the center of the line for which a third
component would be required.

2.1.2. Radial bins

The outer regions of the nebula have been characterized by Chu
& Kennicutt (1994), and so here we concentrate on the inner
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Fig. 2. Top: integrated Hα profile of 30 Doradus using all the available
data (1668 points). Two Gaussian components are required to fit the core
and the wings of the line shown by the thin red lines. The data are shown
as blue points and the sum of the two Gaussians by the red dashed lines.
The legend reports the measured (left) and corrected for instrumental
and thermal broadening (right) widths (σ) of each component plus the
width from a single Gaussian fit (σ0 shown by the black lines). Bottom:
same as top, but using only 879 points from the uniform grid of Torres-
Flores et al. (2013). The heliocentric radial velocity of 30Dor obtained
from the full sample is V30Dor = 264.8 km s−1 for an Hα rest wavelength
of 656.2804 nm.

(r < 40 pc) part of 30Dor that contains the bulk of the ionizing
stars and has a complex structure that was not well covered in the
study of Chu & Kennicutt (1994).

To begin, we present in Fig. 3 profiles integrated over seven
radial rings of radii indicated in the legend. For each ring, the
figure shows multiple Gaussian fits with the minimum number
of components required to reproduce the observations.

We insist throughout this work that multiple-Gaussian fits
are seldom unique, being increasingly sensitive to data errors
and to the initial guesses as the number of Gaussian components
increases, and so we must be conservative when interpreting the
results from these fits. Nevertheless, Fig. 3 shows several robust
features relevant to the present study. One is that the innermost
ring (r < 10 pc) shows two intense peaks that tell us that the
kinematics of the very center of the nebula is dominated by a
massive wind that is blowing away the gas at high speeds. How-
ever, despite this raging wind, there is still plenty of gas at the
center of 30Dor as indicated by the intensity scale.

A second feature is that there is a dramatic change in the
kinematics at r = 25 pc. Beyond this radius, the profiles become
broader and increasingly show the emergence of a second red-
shifted component. Thus, beyond 25 pc we see the onset of the
“large expanding-shells” regime. A third feature is that the sur-
face brightness drops dramatically as the structure of the gas
becomes increasingly dominated by the large shells described
by Chu & Kennicutt (1994).

2.2. Profile taxonomy

The atlas of gray-scale spectrograms of Chu & Kennicutt (1994)
shows that almost everywhere in the nebula the Hα profiles tend

Fig. 3. Integrated profiles of the core of 30Dor (r < 40 pc) and seven
radial bins identified in the figure legend, which quotes the inner and
outer radii of each ring in parsecs. The legend also provides the widths
of the multi-Gaussian fits of each ring (right) and the width and radial
velocity, denoted as 0, of the single Gaussian fit (that is not plotted) rel-
ative to the integrated velocity of the nebular core (left), which defines
our rest frame for 30Dor.

Fig. 4. Cartoon illustrating the three typical shapes of our 1668 profiles.
The intensity ratios of the double and multiple components vary widely
as discussed in the text. The purple lines show single Gaussian fits to
the particular profiles illustrated in the cartoons.

to break up into multiple components. However, the high contrast
of the atlas prints makes it difficult to precisely discern the pro-
file shapes. Therefore, we were surprised to discover upon visual
examination of our 1668 Hα profiles on the computer screen that
the majority of the profiles can actually be divided into three
well-defined groups illustrated schematically in Fig. 4.

The vast majority of the profiles are either single or double,
although multiple profiles also contribute a substantial fraction.
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We emphasize that here we are describing the Hα profiles. We
discuss the forbidden lines in the following section. Like the
integrated profile, single profiles have Gaussian cores and broad
non-Gaussian wings. Double and multiple profiles are character-
ized by having two or more smooth components of comparable
(within factors of a few) peak intensity that are well separated
in radial velocity. The radial velocity of the stronger compo-
nent generally appears to be closer to zero, whereas the weaker
peak is either redshifted or blueshifted relative to the stronger
component.

We mention in Sect. 1 that Chu & Kennicutt (1994) con-
cluded that 50% of the kinetic energy of the gas is in the
expanding shells and 50% in some form of unspecified tur-
bulence. Assuming that double and multiple represent pure
expansion, the single profiles must convey information about that
“unspecified” form of turbulence. Therefore, it is important to
quantify the distinction between single and multiple profiles.

We used an algorithm based on first and second derivatives
to detect multiple peaks using the signal-to-noise ration (S/N)
of the continuum to identify spurious peaks. Most of the pro-
files show some degree of low-level asymmetry, which does
not make them multiple in the sense of having more than two
peaks of comparable intensity. Therefore, we introduced a finer
distinction in order to separate single from multiple profiles.
We define “double” profiles as those where the ratio of peak
intensities between the first (strongest) and second components
P2/P1 > 0.1, and “multiple” profiles as those with three or more
components with P3/P1 > 0.15.

The peak-finding algorithm yields 1067 singles, 453 dou-
bles, and 148 multiples, confirming our initial impression that
multiple profiles are less abundant but still numerous. Visual
examination reveals that a good fraction of singles are in real-
ity doubles, where the radial velocities of the peaks are too close
to be detected by our peak-finding algorithm.

As the Hα profiles are blurred by thermal motions that hide
components with a small difference in radial velocity, we refined
our separation of single and multiple profiles using the lines
of [NII] and [SII], which have much smaller thermal broaden-
ings (2.4 and 1.6 km s−1 respectively). However, this “solution”
turned out to be complicated, as discussed below.

2.3. [NII] and [SII] kinematics

Using the [NII] and [SII] lines (henceforth the forbidden lines)
to characterize the nebular gas kinematics entails two problems.
The first most obvious one is that the lines are much weaker than
Hα and their S/N is often too low for a reliable characterization
of the profiles. The second and less obvious problem is that in
general the peak intensities of the multiple components of Hα
differ from those of the forbidden lines, as in the example shown
in Fig. 5.

It is therefore not appropriate to use the morphology of
the forbidden lines to characterize the kinematics of Hα (and
vice versa). For this reason, we only used the forbidden lines
to flag single and multiple profiles, and we searched for multi-
ple components in all profiles thus flagged by subtracting single
Gaussian fits from the observed Hα profiles and fitting multiple
Gaussians – using the positions of the residual peaks as initial
guesses – to measure the peak intensities.

In this way, we find that 599 of the 1067 lines classified as
“single” in Hα by the peak-finding algorithm are in reality dou-
ble in [NII] and/or [SII] and confirm that they have P2/P1 > 0.1
at Hα, while 30 profiles previously classified as double are
confirmed to be multiple (P3/P1 > 0.15).

Fig. 5. Profile shapes of Hα are generally different from those of the
forbidden lines. The vertical dashed lines correspond to the wavelengths
at the heliocentric radial velocity of 30Dor from the sum of the single
Hα profiles V30Dor = 265.4 km s−1.

Fig. 6. Distribution of radial velocities relative to the rest frame of
30Dor of the two components of the double profiles. P1 (magenta) rep-
resents the component with highest peak intensity and P2 (green) the
weaker component.

Relevant statistics from the three families of Hα profiles are
presented in Table 1, which lists average radial velocities of the
strongest components 〈V1〉; the average peak intensity ratios; and
the average velocity-widths from single-Gaussian fits (uncor-
rected for instrumental and thermal broadening; 〈σ〉). The ±
values give the rms dispersions from the means.

Using the partition of single and double profiles we can now
quantify our second, initial visual impression that the stronger
component is generally at rest in the frame of the nebula, while
the weaker component is either redshifted or blueshifted relative
to the strong component. Fig. 6 shows the histograms of radial
velocities of the two components of our “double” profiles. As
in Table 2, P1 corresponds to the strongest peak and P2 to the
weaker one.

It should be obvious from these distributions and the data
of Table 2 that the integrated profile of 30Dor can be decon-
structed into a sum of Gaussians representing the components
of the double peaks plus the single peaks and their rms radial
velocity dispersion.

Finally, let us look at the spatial distribution of our three
families of profiles. This is presented in Fig. 7 where we have
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Fig. 7. Public Hα image of 30Dor taken with the Wide Field Imager on the 2.2 m telescope of La Silla. The dots and crosses show the positions of
the three families of profiles discussed in the text, color-coded as follows: blue for blueshifted single profiles; red redshifted single profiles; yellow
crosses double profiles; and cyan dots multiple profiles. The red and blue dots with white rims have radial velocities close to zero (|V | < 2.5 km s−1).
The lower-right corner (SW) of the image portrays the slow expanding shell of the supernova remnant 30DorB. The scale shown in the lower-left
corner corresponds to 15 pc.

Table 1. Kinematics from single profiles.

Line N 〈σ〉 〈Vrad〉
km s−1 km s−1

Hα 478 11.9± 3.4 265.4± 11.6
[NII] 474 10.8± 3.6 262.6± 13.0
[SII] 256 (a) 10.9± 3.2 263.3± 9.4

Notes. (a)The wavelength range of the uniform grid of Torres-Flores
et al. (2013) does not reach [SII].

Table 2. Taxonomy of Hα profiles in 30 Doradus.

N 〈V1〉 〈P2/P1〉 〈P3/P1〉 〈σ〉

468 265.4± 11.6 – – 17.3± 3.4

1043 263.8± 18.6 0.36± 0.27 – 24.6± 8.0

157 265.6± 28.6 0.58± 0.30 0.41± 0.27 36.1± 18.4

color coded the positions according to morphology. Doubles
tend to concentrate inside the large expanding shells; singles tend
to delineate the high-surface-brightness borders of these shells;
while multiples share the distribution of doubles.

The image illustrates that the profiles inside the large Chu–
Kennicutt bubbles are double or multiple, while at the edges of

these giant shells the profiles are mostly single. We have color
coded the single profiles according to their peak radial velocities
relative to the systemic velocity of 30Dor (265.4 km s−1) from
our Hα data. The edge of Chu–Kennicutt#2, which has been very
well mapped in search for photodissociation regions, is seen to
be blueshifted, indicating that the shell is expanding towards us,
while the inside shell that was identified by Chu & Kennicutt
(1994) but not numbered is completely delineated by red
dots.

The single profiles therefore delineate the edges of the
expanding shells as well as the dense filaments and loops that
characterize the core of the nebula; these are described in detail
below. We note that the blue and the red dots are rarely mixed
showing that the densest parts of the nebula as a whole are
expanding.

2.4. Single-profile kinematics

Assuming that the kinematics of the nebular gas represented by
double and multiple profiles is dominated by expanding motions,
single profiles should provide information about the 50% of
the total kinetic energy of unknown forms of turbulence men-
tioned by Chu & Kennicutt (1994). Above, we show that the
radial velocities of the single profiles are dominated by expan-
sion motions, but the individual profiles also have supersonic
widths.

Table 1 summarizes the average intrinsic width (i.e., cor-
rected for instrumental and thermal broadening) and heliocentric
radial velocity of the single profiles for Hα and for the forbidden
lines.
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Fig. 8. Left: stacked [NII] single profiles rebinned to zero redshift using
a wavelength of 656.2804 for Hα. The red lines show the three Gaussian
components necessary to fit the data. The blue dots show the data, and
the black line the overall fit. The legends give the observed width of
each component (top left), and the widths corrected for instrumental and
thermal broadening (top right). σ0 corresponds to a single-Gaussian fit.
Right: stack of Hα profiles.

The table shows that the forbidden lines are on average
∼1.3 km s−1 narrower than Hα. Figure 8 shows the stacking
of the single [NII] and Hα profiles after rebinning the data to
v = 0. We have repeatedly warned of the dangers of multi-
Gaussian fits, but in the case of Fig. 8 a minimum of three
components is required to fit the core and the wings of the lines.
Indeed, there are good physical reasons to fit three components;
we have already encountered two: σ1, the main peak, and σ3,
the broad unresolved component that pervades the nebula. The
third component (σ2) corresponds to the sum of all the low-
intensity components that do not meet our P2/P1 > 0.1 and/or
P3/P1 > 0.15 conditions.

A second interesting feature of Fig. 8 is that, as already
shown in Table 1, the Hα profile is broader than [NII] by
1.6 km s−1. The difference is somewhat larger than the value of
1.3 km s−1 from the table, where the same weight is assigned to
all profiles independently of peak intensity, and so the agreement
is actually quite good.

We verified that the systematic difference in the line widths
is not due to a geometrical effect (see Appendix A). In fact,
Hippelein (1986) found a similar systematic difference between
[OIII]500.7nm and Hα for the integrated profiles of a small sam-
ple of giant HII regions and HII Galaxies. This difference has
been confirmed by several authors, notably Melnick et al. (2017)
for a substantial sample of HII Galaxies. A similar effect was
also observed in the Orion nebula by García-Díaz et al. (2008)
but there is no consensus in the literature as to the origin of the
discrepancy. However, we note that while the intrinsic width of
Hα (σ1) is the same as the sound speed for hydrogen at 104 K,
the [NII] profiles are highly supersonic, suggesting that perhaps
they could be resolved into even more components.

We also measured the intrinsic widths of each of the indi-
vidual components of double Hα profiles – taken separately –
using two Gaussians to fit the doublet plus a third Gaussian to fit
the extended wings, using an automated procedure. We find an
average width of 11.7± 4.7 km s−1 for these components, com-
parable to the values given above for the average width of single
profiles (11.9± 3.4 km s−1).

Fig. 9. HARPS spectrum of the center of 30 Doradus (R136) showing
the broad features of the massive WN7h stars in the core of its ionizing
cluster. The insert shows the nebular Hβ line superposed on the broad
absorption trough of the stellar component.

2.5. The [OIII] profiles with HARPS

We speculated above that a possible explanation for the reason
the intrinsic width of single [NII] profiles is highly supersonic
while Hα is not could be that at higher resolution the profiles
would be resolved into multiple narrower components. We there-
fore observed two characteristic regions of 30Dor with HARPS:
one at the very center (R136), and a second at the position of
Filament F from the NTT observations of Melnick et al. (1999),
located 8pc due west of R136. The original purpose of this pilot
project was precisely to resolve the profiles further, and to verify
whether or not the forbidden [OIII] lines also showed the broad
unresolved component seen by Melnick et al. (1999) at Hα.

HARPS provides a spectral resolution of R = 100 000 cover-
ing the spectral range between 370nm and 690nm with a spatial
resolution of 3′′ determined by the entrance fiber. Figure 9 shows
the HARPS spectrum of the center of 30Dor (R136), which
nicely illustrates the extremely broad “feet” of the Balmer lines
from the massive WN7h stars in R136 that provide a significant
fraction of the total ionizing flux (Doran et al. 2013). Similar fea-
tures are observed at several positions within the nebula where
such massive stars are found (Evans et al. 2011).

Figure 10 presents a comparison between the Hα and the
[OIII]5007 Å nebular profiles at the two positions observed with
HARPS1.

The Hα profiles shown in the bottom panels of the figure
are double in the sense discussed above: they can be fitted rea-
sonably well using two Gaussian components for the two main
peaks plus a third for the broad extended wings. The [OIII]
lines, on the other hand, have higher S/N and much smaller ther-
mal broadening (2.3 vs. 9.1 km s−1 at 104 K), allowing us to
discern a significantly more complex structure at the same posi-
tions, which requires at least seven components plus one for the
broad wings at the center, and at least five components plus the
broad wings for Filament F. The corrected velocity widths of the
individual components are given in the figure legends.

Although the [OIII] line resolves into several components,
these are still supersonic at 104 K, but again we must warn of the
dangers of multi-Gaussian fits. The solutions shown in Fig. 10
result from leaving all parameters free. It is possible to obtain
solutions by forcing the widths of all components to be nar-
row, say σ = 3 km s−1, albeit only after carefully fine-tuning the

1 In reality, HARPS provides two fibers – object and sky – at each
pointing, but in our case the sky fibers have significantly lower S/N so
we chose not to use them here.
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Fig. 10. Nebular line profiles at the two positions observed with
HARPS. Hα profiles in the bottom panels and [OIII]5007 in the top
panels. The multi-Gaussian fit components are plotted in red and the
solid black line shows the overall fit.

initial guesses of all other parameters. Therefore, we can neither
prove nor rule out that the [OIII] profiles are the sum of many
subsonic components, for which we would need much higher
S/N data.

Nevertheless, our results clearly show that the individual
components of double profiles are resolved into a number of
narrower components indicating that there is structure in the
expanding shells at the spatial resolution of HARPS (0.75pc).
The radial-velocity dispersion of these components is “typically”
(we only have four examples) ∼11 km s−1, which is similar to the
value measured from the unresolved shells and filaments.

3. The kinematical core of 30 Doradus

3.1. Structure

Figure 3 shows that there are two inflection points in the inte-
grated profiles of the central part of 30Dor: the region r < 10 pc,

Fig. 11. Radial Hα brightness profile of 30Dor obtained by integrat-
ing the flux in incremental rings of 1pc. The dashed line shows the
radius, r = 25 pc, where the kinematics shown in Fig. 3 shows a distinct
inflection point.

where the profile is double and the kinematics dominated by
the massive cluster wind emerging from the stars in the cluster
core (R136); and the region r > 25 pc where expanding motions
increasingly dominate the profile shapes. We used finer bins to
verify that the latter change is already visible between 25 pc and
27 pc.

The radial Hα brightness distribution shown in Fig. 11 also
shows features (i.e., changes of slope) at r∼ 10 pc and r = 25 pc
amid a broad peak that encompasses 23% of the total Hα flux
of the nebula and the bulk of the ionizing stars, and where the
cluster wind that drives the hierarchy of Chu–Kennicutt shells
originates.

Figure 12 shows that the width of the integrated profile of
the region r ≤ 25 pc (henceforth the kinematical core) is virtu-
ally identical to that of the nebula as a whole (the only significant
difference being the width of the broad component). Therefore,
the ratio of kinetic energies of the nebula as a whole and the
kinematical core is just the ratio of the Hα luminosities; the core
contains 23% of the total kinetic energy of the nebular gas in
30Dor. Perhaps tellingly, the shape of the profile of the kinemat-
ical halo (r > 25 pc; the realm of the large expanding bubbles) is
almost identical to those of the core and of the overall nebula.

Figure 13 presents a zoom into the central 30pc of 30Dor
seen in X-rays (right) and Hα (left). Overlaid on these images
are dots that are colored coded according to profile shapes and
kinematics.

Single profiles delineate bright (dense) Hα filaments, and lie
at the edges of bright X-ray zones. These dense filaments define
the “head” of the Tarantula, which, as shown by the distribu-
tion of blueshifted and redshifted profiles (blue and red dots),
consists of several expanding bubbles that are the mouth and
the eyes of the spider. The large elliptical bubble that surrounds
R136 is asymmetrical, with the eastern side being more lumi-
nous in X-rays. This “mouth of the Tarantula” opens towards the
east indicating that the hot gas is escaping through the mouth to
inflate the giant bubble Chu–Kennicutt#2.

There is another expanding bubble due North of R136 that
is very bright in X-rays and that is open to the north toward the
giant Chu–Kennicutt#5 shell. Similarly, the bubble due south of
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H

Fig. 12. Comparison between the integrated Hα profiles of the whole
nebula (bottom) and the profile of the kinematical core (r ≤ 25 pc) and
that of the kinematical halo (r > 25 pc). The blue points are the data and
the thick-dashed red line is the fit of two Gaussian components shown in
thin red. The single-Gaussian fit is shown by the black line. The param-
eters of these components, observed and corrected for instrumental and
thermal broadening, are shown in the legend.

R136 seems to be inflating Chu–Kennicutt#1. Therefore, we get
the impression that the dense filaments that define the head of
the Tarantula act as nozzles that channel the cluster wind from
the source (R136) out to the giant Chu–Kennicutt shells.

The clumpy structure of the hot cluster wind seen in the
X-ray image is mostly due to shadowing by the dense dust + gas
structures clearly shown in the Hα image. The X-rays are faint
in places where the Hα emission is bright and blueshifted, indi-
cating that the nebular component is in front of the hot gas, and
vice versa. Receding filaments seem to lie behind that hot gas,
but not always; the bright loop directly NW of R136, where the
X-rays are faint, is redshifted. However, the giant shell Chu–
Kennicutt#3 is adjacent, and so it is possible that the hot wind
has already escaped from that region.

3.2. Kinematics

To compare with the results of Chu & Kennicutt (1994), Table 3
presents an estimation of the kinetic energy budget of the nebu-
lar gas. The total kinetic energy is 2Ktot = Mgasσ

2
0 where σ0 is

the integrated velocity dispersion of the gas estimated from the
single-Gaussian fit of Fig. 2 and Mgas = 4× 105 M� is the total
mass of nebular gas according to Chu & Kennicutt (1994). The
values for the kinematical core and halo are obtained assuming
that the mass of gas is proportional to the Hα luminosity.

The kinetic energy of the “general” turbulence was calcu-
lated as follows. We saw that the single Hα profiles as well
as each of the two components of double Hα profiles have
average widths of ∼11.8 km s−1. We do not know the source
of energy that sustains these motions, but we do know that
when we observe the same profiles in the forbidden lines, they
are resolved into many narrower components. We also ignore

the mass of these turbulent shells and filaments, but as they
comprise the brightest regions of 30Dor, it is reasonable to
assume that they contain most of the nebular mass (assuming
that the mass is proportional to the Hα luminosity). We cal-
culated the velocity dispersion in two ways: directly from the
average profile widths (min) and convolving the profile width
with the radial-velocity dispersion of the single profiles (max),
σmax =

√
11.82 + 11.62 = 16.5 km s−1.

Because at least some, and probably much, of the radial-
velocity dispersion of the single profiles is due to expansion
motions, the velocity dispersion of 11.9 km s−1 given in the table
is a maximum. Thus, the fraction of the total kinetic energy
contained by general turbulence is closer to 25% than to 45%,
compared to 50% estimated by Chu & Kennicutt (1994).

4. Turbulence

4.1. Kolmogorov turbulence

Observations of the other prototypical GHR in the local group,
NGC 604, by Medina-Tanco et al. (1997) appear to show a
well-developed Kolmogorov-like kinetic energy cascade in that
nebula. These latter authors found that the structure function,

S 2(r) = 〈[v(x) − v(x + r)]2〉, (1)

which is the square of the difference in radial velocity between
two points separated by a distance r averaged over all pairs of
positions separated by r, is a power-law of slope ∼5/3 for r ≤
10 pc and flattens at larger separations.

By definition σ ≡ 〈v2〉 − 〈v〉2 so if 〈v〉 = 0, the structure
function becomes S 2 = 2σ2, and therefore it is convenient to nor-
malize by the square of the radial-velocity dispersion σrv such
that the normalized function peaks at S 2 ∼ 2 (Arthur et al. 2016).
Figure 14 reproduces the normalized structure function of NGC
604 calculated using the same radial-velocity data of Medina-
Tanco et al. (1997) kindly provided by Gustavo Medina-Tanco.

We used our full sample to construct the structure function
for 30Dor as for NGC 604, but using three different ways of
measuring the radial velocities. The top panel of Fig. 15 cor-
responds to the method adopted by Medina-Tanco et al. (1997)
of fitting single Gaussians to all profiles. The second, shown in
the middle panel, uses the radial velocity of the strongest peak
at each position; and the third uses only the single profiles. Typ-
ically, each point in the top two panels is the average of 16 000
to 78 000 pairs, except for the smallest separation that has only
6500 pairs. The vertical bars represent the rms dispersion around
each average.

Contrary to that of NGC 604, the structure function of 30Dor
has no structure: it is flat. As the L–σ relation of Fig. 1 implies
that the kinematics of GHRs depends only on their luminosities,
we expected 30Dor and NGC 604 to have similar, if not identical,
structure functions, which turned out not to be the case.

Unfortunately, there are several problems and inconsisten-
cies with the results of Medina-Tanco et al. (1997). The first and
most obvious is seeing. The red bar in Fig. 14 at 4.1 pc corre-
sponds to the seeing (1′′) reported for the Taurus-II observations
of Sabalisck et al. (1995) upon which the structure function is
based. The separation of the first two points in the structure func-
tion is less than the seeing, while the next two points at <2′′ are
also affected by seeing. These four points define the slope of the
function for r < 10 pc. After removing these four seeing-affected
points, the remainder of the structure function of NGC 604 is
almost flat.
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Fig. 13. Left: central 60 pc of 30 Doradus in Hα using a public domain image taken with the 2.2 m/WFI imager on La Silla. North is upwards;
East is to the left. Right: Chandra 20-year anniversary X-ray image of the same region (credit: NASA/CXC/Penn State Univ./L. Townsley et al.).
The two images have been astrometrically matched using point-like X-ray sources and the software package Aladin (Bonnarel et al. 2000). The
cross near the center shows R136, the core of the ionizing cluster (the second cross on the X-ray image shows one of the astrometric references).
The red and blue dots show the positions of red- and blueshifted single profiles relative to the systemic velocity of 30Dor, V30Dor = 265.4 km s−1.
The orange crosses mark positions where the profiles are double and the green dots show the positions of the multiple (mostly triple) profiles. The
yellow line draws the contours of the giant molecular cloud 30Dor-10 (Indebetouw et al. 2013).

Table 3. Kinetic energy budget.

Component 〈σ〉 Mass K/Ktot
km s−1 (% total)

Kinematical core 23.7 23 0.24
Kinematical halo 23.5 77 0.76
Turbulence min. 11.8 90 0.25
Turbulence max. 16.5 90 0.45

Fig. 14. Structure function of the central region of NGC 604 using the
same radial-velocity data from Medina-Tanco et al. (1997). The red bar
shows the radius (4.1 pc) corresponding to the seeing disk (1′′) of the
TAURUS-II observations used to construct the structure function.

A second issue that may blur the comparison between 30Dor
and NGC 604 is beam smearing. At the distance of M 33,
1′′ = 4.1 pc, while the data of Medina-Tanco et al. (1997) were
binned to 2′′ × 2′′, which results in a significant smoothing of

the radial velocities. There are also some problems with the
TAURUS-II data for NGC 604. For example, the TAURUS-II
profiles of Muñoz-Tuñón et al. (1996) are substantially broader
than the TAURUS-I (plus Echelle) results of Yang et al. (1996).
We were unable to recover the original data to check these issues,
and so for the moment it seems safer to ignore the results of
Medina-Tanco et al. (1997), although we cannot overemphasize
the importance of re-observing NGC 604 hopefully at a higher
spatial resolution.

4.2. Gravity

Chu & Kennicutt (1994) dismissed gravity as an important
source of kinetic energy, stating that “even the largest imagin-
able mass for 30Dor” would be inadequate to explain the velocity
dispersion of the gas inferred from the width of the integrated
profile, σ0 = 23.5 km s−1 (Fig. 12). However, we know, as they
knew, that a major part of this width is furnished by expanding
shells. So let us revisit the issue.

We calculated the structure function of an N-body model of a
103 M� virialized cluster containing 2000 particles of equal mass
(kindly provided by Sverre Aarseth) shown in Fig. 16.

The match is not perfect, but still provides a much better
match than a Kolmogorov turbulent energy cascade. This does
not prove that gravity is driving the turbulence in 30Dor, but at
least provides a consistency check.

Another way of probing the effect of gravity is to estimate
the mass required to generate the observed motions through the
virial theorem. The morphology of 30Dor and the results of Chu
& Kennicutt (1994) show that the outer parts of the nebula are
dominated by expanding motions, and so here we restrict our
analysis to the kinematical core.
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Fig. 15. Normalized structure function of 30 Doradus. Top: using the
radial velocities of the strongest peak of each profile. Mid: radial veloc-
ities measured from single-Gaussian fits. Bottom: using only profiles
classified as single.

Fig. 16. Structure function of a virialized cluster of 2000 particles. All
particles have equal mass and the total mass of the cluster is 103 M�.
For a virialized system S 2(r) ' 2σ2 and the velocity dispersion σ is
constant in the core.

Figure 17 shows the radial-velocity dispersion σrv (in red)
and the mean velocity width (in blue) of the single profiles
plotted as a function of radius. Each bin contains 50–70 points
except for the first bin (10 < r ≤ 25 pc) which contains 98 sin-
gle profiles. We excluded the central 10pc, which is completely
dominated by expansion motions.

The average width of the profiles in the kinematical core is
〈σcore〉 = 11.2± 3.0 km s−1 and the radial-velocity dispersion is
σrv = 15.3 km s−1. The respective minimal and maximal tur-
bulent velocities in the core are therefore σmin = 11.2 km s−1

and σmax =
√

11.22 + 15.32 = 19 km s−1. Assuming an effective
radius of 10 pc for the core, the corresponding mass limits from
the virial theorem are,

2.9× 105 ≤ M/M� ≤ 8.4× 105. (2)

The observed (photometric) mass of the kinematical core is
quite uncertain, the stellar mass being probably the least uncer-
tain. Selman et al. (1999) quote a mass of M∗ = 68 000 M�

Fig. 17. Velocity dispersion as a function of radius from the single pro-
files. The red points and line show the radial-velocity dispersion of the
profile centroids and the blue points show the average width of the
profiles in each radial bin. The horizontal error bars show the size of
the bins, and the vertical bars show the rms dispersions of the average
widths.

which results from integrating the observed (power-law) initial
mass function (IMF) between 3 M� and 120 M�. The low-
mass (m < 3 M�) IMF of 30Dor is not known, but the IMF
of most young star forming regions turns over at masses of
∼0.5 M� (Bastian et al. 2010). Extrapolating the IMF of Selman
et al. (1999) down to 0.5 M�, yields a total stellar mass of
M? = 1.5× 105 M� for 30Dor, 50% larger than the value gener-
ally quoted in the literature (e.g., Doran et al. 2013 and references
therein).

The mass of ionized gas is more uncertain. Here we adopt
the value of MHII = 4.5× 105 M� from Chu & Kennicutt (1994),
which according to these authors is uncertain by factors of
between two and four. Ochsendorf et al. (2017) derive a similar
mass with an uncertainty of “only” a factor of two (0.2 dex). The
most uncertain component is the mass of neutral and molecular
gas also discussed by Ochsendorf et al. (2017). A comprehen-
sive review of this contribution is well beyond the scope of the
present paper, but in Appendix B we present a summary and jus-
tify our optimistic value of MHI+H2 = 9× 104 M� for the amount
of neutral and molecular gas within the nebular core.

The core of 30Dor contains the bulk of the stars and 23% of
the Hα luminosity, and so the total mass within the kinematical
core is,

Mcore = M? + 0.23×MHII + MHI+H2 = 3.4× 105 M�, (3)

which is comfortably above the minimum value required by
Eq. (2). Therefore, again, we may have consistency, but not
proof.

Simple and direct proof would be to show that the velocity
dispersion of the stars is consistent with that of the gas. However,
unfortunately, this test turns out to be neither simple nor direct.
Bosch et al. (2001) and Bosch et al. (2009) found a surprisingly
large velocity dispersion for NGC 2070 that can be explained if a
large fraction of the massive stars in the cluster are binaries. Sub-
sequently, binary orbits were measured for many of these stars
confirming that conclusion (Hénault-Brunet et al. 2012a). There
are several other complications related to mass segregation and
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rotation (Hénault-Brunet et al. 2012b) that compromise the puta-
tive simplicity of the test, but the observations show that, at least
in the cluster core (r < 5 pc), the stars are in virial equilibrium
(Hénault-Brunet et al. 2012a,b).

To conclude this discussion, let us revisit the mass required
to explain the integrated velocity dispersion by gravity. Adding
up the HII mass (4.5× 105), the stellar mass (1.5× 105), and
the molecular mass (1.8× 105) the total mass of the nebula is
M30Dor = 7.8× 105M�. The half-mass radius is therefore close to
the radius of the kinematical core (r = 25pc), but much smaller
than the value of 100pc assumed by Chu & Kennicutt (1994).
The viral mass for a velocity dispersion of 23.5 km s−1 and an
effective radius of 25 pc is 3.2× 106M�, which is still signifi-
cantly larger than our optimistic value for M30Dor but is by no
means “the largest imaginable”.

4.3. Small-scale turbulence

We have seen that there is no large-scale supersonic hydrody-
namical turbulence in 30 Doradus, and that the gravitational
potential is not strong enough to furnish the kinetic energy of
the gas: The large-scale structure of 30Dor is organized by the
cluster wind, but the wind-driven shells are themselves turbulent.

This “small-scale” turbulence could be due to Kolmogorov-
like kinetic energy cascades powered by the wind, such as those
observed in the Orion nebula (Arthur et al. 2016). However,
even within the shells and filaments of 30Dor, we are looking
at spatial scales orders of magnitude larger than the turbulent
regions in Orion, and so we have no hope of resolving the
turbulent cascade. However, our data (mostly HARPS but also
some FLAMES profiles) show that the forbidden profiles can be
resolved into many components with radial-velocity dispersions
similar to the widths of the profiles. Such multiplicity would
explain why, at the same positions, the Hα profiles are subsonic
but highly supersonic in the forbidden lines.

An intriguing possible explanation for the small-scale turbu-
lence is that sections of the leading shocks composing the large
structures lose energy by radiation as the medium they sweep
piles up in front, and therefore secondary shocks emanate from
the hot gas to transmit the interior pressure. These “shockletts”
slam first into the swept-up gas and eventually into the leading
shocks giving them small jolts that here we relate to the structure
we observe in the forbidden lines.

The ionization of the 30Dor nebula is by and large provided
by the massive stars, with a small contribution from shocks that,
in principle, should be more important in the denser parts of
the nebula (Pellegrini et al. 2011). Figure 18 shows the shock-
sensitive diagnostic diagram that can be obtained using our
FLAMES spectra, and is color coded according to the distance
to R136.

The figure shows that emission from low-velocity shocks
is clearly visible in the faint, low-density external regions of
the nebula2, but not in the dense central regions of the nebula.
This does not mean that shocks are not present in these regions;
it only means that at optical wavelengths they are completely
overshadowed by photoionization, perhaps reflecting how the
cooling process operates behind the leading shocks as these con-
tinue to ram into a cloudy medium of widely different densities.
This also determines the speed of the shockletts driven into the
nebular swept-up gas as this cools and approaches the nebular
equilibrium temperature.

2 Similar trends are observed if the data are color coded according to
Hα luminosity or electron density.

Fig. 18. Point-to-point nebular diagnostic diagram for the different types
of profiles described in the text. The points for the single profiles are
colored according to the distance to R136 shown by the scale on the
right. The solid curve shows the low-velocity shock models of Dopita
& Sutherland (1996) for a range of velocities between 150 km s−1 and
500 km s−1; two values of the magnetic field density (0 and 1µG cm−3);
and solar abundances. The dashed curve shows the same models scaled
to the metallicity of 30 Dor from Pellegrini et al. (2011).

4.4. The broad unresolved component

Our analysis thus far has ignored the mysterious broad unre-
solved component that pervades the nebula and that is seen in
both the Balmer lines and the forbidden lines of [NII], [SII], and
[OIII], precisely because we know nothing of its origin. How-
ever, we have seen that like the narrow components, the broad
unresolved component of the forbidden lines is narrower than
that of Hα, and so it seems reasonable to conjecture that the
physical conditions of the gas that emits the broad unresolved
lines are similar to those of the nebula as a whole, and therefore
that it is probably due to a large collection of fragments of shells
and filaments left behind by the cluster wind as it successively
breaks out of shells of swept-up material.

We have not explicitly included this component in our esti-
mates of the kinetic energy budget of the nebular gas, for
which we used single-Gaussian fits. Although the width of the
broad component is large, its residual Hα flux relative to the
single-Gaussian fit is negligible, and so we can safely ignore
the contribution of the broad component to the kinetic energy
budget.

5. Discussion

There is broad disagreement in the literature about the struc-
ture of 30Dor and its genesis (Pellegrini et al. 2011; Lopez et al.
2011). Below we present a summary of our own view, which
is the result of a series of in-depth investigations of the forma-
tion and evolution of super-star clusters and their associated giant
HII regions (Silich et al. 2020 and references therein). We then
present our interpretation of the observations presented in this
paper.

5.1. The genesis of giant HII regions

The progenitors of GHRs are giant molecular clouds (GMCs),
which are clumpy and highly turbulent as a consequence of
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multiple prior generations of star formation, the gravitational
field of the parent galaxies, and their own gravitational poten-
tial, which is substantial given their large masses (e.g., Heyer &
Dame 2015; Krumholz et al. 2019). Even before any stars form,
the turbulence within these GMCs is supersonic (with respect
to the sound speed of the molecular gas, ∼1 km s−1), causing
the condensations to accrete more molecular material as it cools
behind their leading shocks. This sets the initial conditions at the
onset of star formation that occurs within the largest and most
massive condensations.

The arrival of the most massive stars on the main sequence
(MS) produces a sudden ample supply of UV photons that
changes the sound speed to ∼10 km s−1 as the gas becomes pho-
toionized. At the same time, the strong stellar winds from these
stars (that reach the MS first) collide with neighboring winds
generating multiple shocks that thermalize the winds causing a
large overpressure in the star forming volume, which ends up
driving the shocked stellar wind gas as an isotropic supersonic
cluster wind (vcw ∼ 1000 km s−1 ) into the surrounding medium
(Tenorio-Tagle et al. 2006).

This cluster wind immediately encounters a large number
of neighboring condensations, some of them fully or partially
ionized, and the interaction leads to another (global) reverse
shock that heats up the incoming gas to very high tempera-
tures (T ∼ 107 K). The resulting hot gas rapidly expands along
multiple paths of least resistance and flows away into lower
pressure regions engulfing the dense ionized condensations that
were originally part of the parent GMC. The expansion of this
continuous wind generates secondary shocks that sweep up the
low-density medium between condensations, producing large
bubbles and super-bubbles that eventually break up, allowing
the hot gas to escape and create the hierarchy of shells, tubes,
and filaments that characterize GHRs. The expansion eventually
reaches the edge of the GMC and the cluster wind escapes into
the intergalactic medium carrying with it the products of stellar
evolution (Tenorio-Tagle et al. 2006).

5.2. The genesis of 30 Doradus

The morphology of the gas (nebular and X-rays) confirms that
the structure of 30 Doradus was carved by the cluster wind and
not by the winds of individual stars; the coherent Hα structures
that we see are seldom centered on individual stars, if ever. We
show in the present paper that the clumpy structure of the X-
ray emission is due to shadowing by dense clouds of dust and
nebular gas.

The innermost dense regions of the nebular gas have been
pushed into coherent structures by the cluster wind in such a way
that they form nozzles through which the hot gas flows towards
the outer regions of the nebula, creating the giant expanding
shells that characterize 30 Doradus. The Chandra X-ray images
of Townsley et al. (2006) show regions – notably the large north-
ern plume – where the cluster wind is already escaping from the
nebula. The X-ray gas occupies regions of low Hα surface bright-
ness where the profiles are inevitably double, clearly showing
that the expanding shells are being “inflated” by the hot cluster
wind.

30 Doradus has a clear core–halo structure evidenced mainly
by the surface brightness distribution. However, the overall kine-
matics of the core and the halo are surprisingly similar; the
integrated profiles are almost identical and only differ in the
broad wings, albeit slightly. This may simply be a coincidence
given that the way the cluster winds carve the original molecular
cloud must depend on the original configuration, which certainly

must vary from one nebula to the next. It would be interesting,
however, to verify whether or not other GHRs in the Local Group
present similar behavior.

The remnants of the dense clumps of the placental GMC
have been piled together by the cluster wind to form the densest
parts of the nebular gas, mostly in the form of long twisted fila-
ments. At small scales, the forbidden line-profiles of these shells
and filaments are supersonic and composed of many narrower
components, which could be due to the detailed hydrodynamics
of the expanding shells.

The source of energy for the whole process is therefore the
ionizing cluster: the kinematics through the cluster winds and
the emission-line luminosity through the ionizing radiation. Ulti-
mately, this explains why L and σ are so tightly related, although
it remains hard to explain the steep slope of the L–σ relation. The
relation implies that the velocity dispersion of the gas increases
very slowly with the mass of the ionizing cluster (σ∼M1/5

cl ), and
so explaining the L–σ relation remains a challenging problem in
astrophysics. Pure gravity would have been much simpler!

6. Summary and conclusions

Theoretical studies predict that the formation and evolution of
giant HII regions is determined by hot cluster winds that result
from the merging and thermalization of the winds from the
individual ionizing stars. Our observations largely support this
scenario: none of the large nebular structures that characterize
the nebula – with the exception of the central bubble that sur-
rounds R136 – are centered on individual massive stars. The
hierarchical structure of the shells, on the other hand, is exactly
what is expected from a cluster wind that originates in the core
of the ionizing cluster (R136) and breaks out of successive shells
built by the material swept up by the same wind.

Here, we confirm previous results that suggest the kinetic
energy of the nebular gas is mostly in the form of the expansion
of the multiple shells. Not only are the Hα profiles in the low-
surface-brightness regions inside these shells double or multiple,
but also the profiles of the rims of these shells, which are mostly
single, clearly show organized expansion motions. Expansion
accounts for ∼70% of the kinetic energy while the remainder
is manifested by the intrinsic widths of the individual profiles.

The radial dependence of the kinematics and of the Hα sur-
face brightness clearly show a well-defined core–halo structure.
The nebular core (R ≤ 25 pc) contains the bulk of the ionizing
stars and 23% of the total Hα luminosity. The massive cluster
wind that carves the nebular structures originates in the core
and is channeled to the external giant expanding bubbles through
break-out structures within the core, which act as nozzles.

The clumpiness of the (hot thermalized cluster wind) X-ray-
emitting gas is due to shadowing by foreground nebular gas and
dust, and so it is reasonable to conclude that the hot gas uni-
formly fills the nebular core, and is expanding through the break-
out nozzles to inflate the characteristic giant (Chu–Kennicutt)
external bubbles of 30 Doradus.

The structure function of the turbulence of the nebular gas in
30Dor is flat. The idea that the supersonic turbulence of the gas
in giant HII regions is due to a turbulent Kolmogorov-like kinetic
energy cascade put forward by Medina-Tanco et al. (1997) can be
definitively ruled out. Instead, we find that the structure function
of a virialized cluster is more compatible with our observations,
albeit only within the cluster core where the velocity dispersion
is constant.

The virial mass corresponding to the observed global veloc-
ity dispersion of σ30Dor = 23.5 km s−1 and an effective radius
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of Reff = 25 pc is Mvir = 3.2× 106 M�. The main source of
the supersonic velocities observed in the nebular gas is the hot
cluster wind, with a small but significant contribution from the
gravitational potential of ionized gas, molecular gas, and stars.
The total (photometric) mass of 30 Doradus is a few times
105 M� with large uncertainties but certainly less than 106 M�.
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Appendix A: Geometrical effects related to radial
gradients in the strength of the forbidden lines

Fig. A.1. Logarithmic plot of the electron density derived from the [SII]
doublet as a function of radius. The line shows a least-squares fit of slope
−0.7.

Fig. A.2. Ratio of the flux of [NII]678.3 to Hα as a function of radius
(shown by black points). The red points correspond to [SII]/Hα.

The strength of the forbidden lines is inversely proportional to
the electron density Ne, which decreases with radius roughly as
Ne ∝ R−0.7 as shown in Fig. A.1.

The flux of ionizing radiation should decrease roughly as
Nν ∝ R−2 because a large fraction of the ionizing stars are con-
centrated at the center of the ionizing cluster (R136). However,
not all ionizing stars are in R136 (Castro et al. 2018), and so it
is safer to assume that Nν ∝ R−α where α measures the central
concentration of the ionizing flux. Thus, the ratio of [NII]/Hα
scales as Rα−0.7.

Figure A.2 plots this ratio as a function of radius
for the single profiles. The least-squares fit shows that
F([NII]/F(Hα)∼R0.2 in the halo and ∼R0.7 in the nebular core
(we used only [NII] that has more points). This indicates that
α = 1.4 in the core and α = 0.9 in the halo. As an exercise, keen
readers can compare these predictions with the observed distri-
bution of massive stars using the catalog of 30Dor stars (Castro
et al. 2018).

Fig. A.3. Difference between the rms widths of the individual [NII] and
Hα profiles.

In principle, one could therefore expect the difference
between the widths of [NII] and Hα to depend on radius, but
this is not the case. Figure A.3 plots the difference in the widths
of [NII] and Hα for the single lines in our sample. We observe
no obvious trend. We therefore exclude that the Hα lines are
broader due to geometrical effects where [NII] (and [SII]) probe
mostly the kinematics of nebular halo whereas Hα probes the
entire nebula.

Appendix B: Neutral and molecular gas in
30 Doradus

We refer to the work of Ochsendorf et al. (2017) for a recent
review of the gas content of 30Dor. The HI mass estimated by
Ochsendorf et al. (2017) using the 21 cm data of Kim et al. (1999)
increases as M ∼R2 as expected for a uniform constant surface
density sheet of HI extending out to at least 250pc from R136.
On the other hand, the profiles of H2 and HII reach a plateau
at R∼ 30 pc. Unfortunately, the list of 21 cm LMC sources of
Kim et al. (1999) inexplicably misses GS78, which corresponds
to 30Dor, so we are not able to check whether the HI-sheet has
the same radial velocity as the Hα emission. Therefore, we have
taken the view that 30Dor does not contain significant neutral
hydrogen, certainly not in the core.

However, there is a GMC, namely 30Dor-10, projected at
a distance of 15–30 pc north of R136 (illustrated by the yel-
low contour in Fig. 13. ALMA high-resolution observations
(Indebetouw et al. 2013) give a total mass of MH2 = 5.5× 104 M�
for 30Dor-10, but Chevance et al. (2020) argue that most of
the molecular gas in that region may be “CO-dark”. Using IR
observations and a PDR model, they derive an H2 mass of
1.8× 105 M�.

We discussed in the main text how the patchiness of the
X-ray emission is due to obscuration by nebular gas and dust,
but we did not include an image of dust emission in order to
avoid crowding the nebular features. Figure B.1 shows the two
views from Fig. 13 plus a third panel showing the dust emis-
sion from Spitzer. The GMC 30Dor-10 is shown in green, while
as before, the red and blue dots represent blueshifted and red-
shifted nebular Hα. The average radial velocity of 30Dor-10 is
〈VH2〉 = −16 km s−13 indicating that it is either in front of R136,

3 There are two molecular clumps about 20 pc west of the center of the
cloud that have radial velocities close to V = 0, similar to those of the
single nebular lines in the same region.
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Fig. B.1. Left: WFI Hα image of 30Dor. Center: composite image from Townsley et al. (2006). The IR emission from Spitzer is shown in orange and
the X-ray emission in blue. Right: Chandra 20-yr anniversary three-channel X-ray image of the same region. The images have been astrometrically
matched using point-like X-ray sources and the software package Aladin (Bonnarel et al. 2000). The Chandra image is rotated ∼15◦ clockwise
relative to the others due to the incompetence of the lead author (J.M.) in dealing with Aladin. As in Fig. 13 in the main text, the red and blue dots
show the positions of red and blue shifted single profiles; the green open rhombs mark positions of the CO clumps identified by Indebetouw et al.
(2013) in their ALMA data for the giant molecular cloud 30Dor-10.

and being expelled from the nebular core by radiation pressure,
or behind and infalling towards R136.

The fact that 30Dor-10 is located exactly on top of a dark
patch in the X-ray image suggests that the cloud is in front of,
and obscures, the hot gas. However, the cloud also overlaps with
one of the dustiest regions of 30Dor seen by Spitzer, which is
also quite luminous in Hα. The nebular gas in that region is
also blueshifted, but the radial velocities do not match those of
the GMC. Opposite 30Dor-10, to the south of R136, there is a
similarly luminous dust-emission and Hα region, which how-
ever does not contain (significant) molecular gas. Therefore, it
is reasonable to assume that most of the dust emission seen
in the Spitzer image (including the region of 30Dor-10) that
obscures the X-ray emission comes from nebular dust and not
from dust associated with the GMC, and therefore that 30Dor-10
is in reality falling towards R136.

If that is the case, the PDR models of Chevance et al.
(2020), which explicitly assume that dust is associated with the
molecular cloud, are inaccurate, and the corresponding mass
determinations are at best upper limits. The same is true for the
H2 masses that these latter authors derived from modeling the
dust. As a corollary, the discrepancy between the molecular mass
from PDR modeling and the CO masses of Indebetouw et al.
(2013) is probably not as large as Chevance et al. (2020) claim.

With the caveats above, Chevance et al. (2020) estimate that
the GMC stretches roughly radially between 20 pc and 80 pc
from R136 and so only a fraction of the cloud would lie within
the kinematical core (R ≤ 25 pc). We therefore assume that
core contains at most half of the H2 mass of 30Dor-10, that is,
9× 104 M�.
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