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Abstract

We revisit the role of pressure in the structure, stability, and con0nement of Giant Molecular Clouds (GMCs) in
light of recently published observations and analysis of the GMCs in the Andromeda galaxy (M31). That analysis
showed that, in the absence of any external pressure, most GMCs (57% by number) in M31 would be
gravitationally unbound. Here, after a more detailed examination of the global measurements of surface densities
and velocity dispersions, we 0nd that GMCs in M31, when they can be traced to near their outermost molecular
boundaries, require external pressures for con0nement that are consistent with estimates for the mid-plane
pressure of this galaxy. We introduce and apply a novel methodology to measure the radial pro0le of internal
pressure within any GMC that is spatially resolved by the CO observations. We show that, for the best-resolved
examples in M31, the internal pressures increase steeply with surface density in a power-law fashion with
pint ∼ Σ2. At high surface densities, many of these extragalactic GMC pro0les break from the single power-law
and exhibit upward curvature. Both these characteristics of the variation of internal pressure with surface density
are in agreement with theoretical expectations for hydrostatic equilibrium at each radial surface of a GMC,
including the outermost boundary.

Uni�ed Astronomy Thesaurus concepts: Andromeda Galaxy (39); Giant molecular clouds (653)

Materials only available in the online version of record: machine-readable table

1. Introduction

In a recent study, C. J. Lada et al. (2024) described resolved
12CO and 13CO observations of a large population of giant
molecular clouds (GMCs) in the Andromeda galaxy (M31)

that were obtained in a deep, interferometric survey of CO line
and dust continuum emission using the Submillimeter Array
(SMA). They derived masses, sizes, and velocity dispersions
for 162 individual 12CO GMCs and 84 13CO “clumps”
resolved in the SMA survey. A surprisingly large fraction
(117/162) of the GMCs were found to be characterized by
simple, single-component 12CO line pro0les, and thus free of
confusion by unrelated clouds along the line of sight. A
simple, straightforward analysis of this subsample indicated
that 57% of these GMCs appeared gravitationally unbound,
de0ned as having a ratio of kinetic to gravitational binding
energies >1 (i.e., KE/GE> 1). This result is similar to a
recent 0nding for GMCs in the Milky Way (N. J. Evans et al.
2021), which suggested that as many as ∼80% of GMCs in the
Milky Way could be unbound. Such large fractions of unbound
GMCs would have signi0cant implications for both the
formation and evolution of GMCs and for star formation in
both these galaxies.
However, even if the ratio of kinetic to gravitational binding

energy of a GMC exceeds 1, it remains possible that the GMC
could be still con0ned by external pressure. Moreover, the
inclusion of an external (surface) pressure term in a standard
virial analysis might even indicate that some or all of the
gravitationally unbound GMCs in M31 are in a state of
pressurized virial equilibrium (e.g., G. B. Field et al. 2011).

The concept of pressure con0nement for molecular clouds
has a long history (e.g., E. R. Keto & P. C. Myers 1986;
P. Maloney 1988, 1990; B. G. Elmegreen 1989; F. Bertoldi &
C. F. McKee 1992), but until recently, it had been lacking
compelling empirical support. However, a recent study by
E. Keto (2024) has provided intriguing evidence that the inner
13CO emitting regions of Milky Way GMCs are, on average, in
approximate virial equilibrium with the pressure of surround-
ing gas across any choice of cloud boundary. If extrapolated to
outer cloud regions, this result would be consistent with the
notion that Galactic GMCs may be entirely con0ned by the
mid-plane pressure of the Milky Way. This would contradict
recent suggestions, based on a virial analysis that ignores
external pressure, that most Milky Way GMCs are unbound
(N. J. Evans et al. 2021).
Incorporating empirical knowledge of the internal pressure

structures of GMCs alongside the traditional metrics of cloud
kinetic and gravitational binding energies signi0cantly
enhances our ability to critically assess their dynamical states.
This, in turn, allows for a deeper understanding of the
fundamental nature of these complex and important astro-
physical objects.
In this paper, we introduce a new methodology for

measuring the spatial pressure pro0les within individual,
spatially resolved GMCs and apply it to the GMCs of the
Andromeda galaxy (M31). Our analysis shows that the internal
structures of the best-resolved clouds in M31 are in broad
agreement with theoretical expectations for hydrostatic
equilibrium at each measured cloud radius. Moreover, in
cases where we were able to trace the clouds to near their
outermost molecular boundaries, we 0nd that the external
pressures required to maintain such equilibrium and con0ne
the GMCs are consistent with the mid-plane pressure derived
for M31.
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This paper is the 0rst in a series of three exploring the
dynamical properties of the Giant Molecular Clouds (GMCs)
in Andromeda. The second and third papers focus on the more
detailed theoretical implications of the 0ndings in this paper.
Speci0cally, the second paper will examine how these results
help distinguish between global collapse and globally
supported models of GMCs (M. R. Krumholz et al. 2025),
while the third will test how well hydrostatic equilibrium
models match observational data for individual GMCs in
Andromeda (E. Keto et al. 2025).

2. Observations

2.1. The SMA CO Survey of GMCs in Andromeda

The observations analyzed in this paper were obtained as
part of an SMA large program dedicated to a simultaneous
survey of 230 GHz continuum and CO line emission from
individual molecular clouds across the Andromeda galaxy. A
basic description of the receiver and spectrometer con0gura-
tions and calibration has been presented in the three earlier
papers describing the survey results (J. Forbrich et al. 2020;
S. Viaene et al. 2021; C. J. Lada et al. 2024). BrieGy, the SMA
survey of Andromeda consisted of 80 individual SMA
pointings acquired over four consecutive fall seasons
(2019–2022). At the observing frequency, the 6 meter dishes
of the array provided a primary beam (FWHM) of 55″ or
∼200 pc. The interferometric spatial 0ltering provided an
approximate maximum recoverable scale of ∼100 pc. The
observations were obtained with the eight-antenna array in the
subcompact con0guration, providing a synthesized beam size
of 4.5 × 3.8 at 230 GHz corresponding to a spatial resolution
of ∼17 × 14 pc in M31. The survey was designed to obtain
deep and uniform sensitivity in the continuum band images for
all observed 0elds. The noise in the CO moment-zero
(integrated intensity) images, used for analysis, tended to be
somewhat higher and less uniform than in the continuum
images, due to confusion from varying amounts of extraneous
CO emission in the 0elds. This, coupled with variations in
weather and in instrumental capabilities (e.g., the occasional
absence of one or two antennas that were not in service due to
maintenance and/or technical issues) resulted in somewhat
degraded image noise in roughly 30% of the CO images in the
sample. The GMCs identi0ed by the SMA observations were
de0ned as objects having 12CO emission in excess of the 3σ
image noise within a set of contiguous pixels whose area was
at least partially resolved by the synthesized beam.

3. Results and Analysis: The Role of Gravity and Pressure
in Andromeda’s GMCs

3.1. Pressure-con�ned GMCs?

To investigate the role of pressure in con0ning GMCs,
we 0rst analyze the virial diagram (E. R. Keto &
P. C. Myers 1986) for the M31 GMC population, shown here
in Figure 1. This diagram plots the quantity σ2/R versus ΣGMC
for the surveyed GMCs. Here, σ is the measured velocity
dispersion of the molecular gas and R is a measure of the GMC
size, that is, the spatial scale encompassing all the gas,

expressed as a radius (i.e., /=R A , where A is the area of
the GMC). The quantity σ2/R has the units of acceleration, and
assuming that the velocity dispersion is due to turbulence, it is
equivalent to a measure of the pressure per unit surface density

(i.e., p/Σ). It is a useful diagnostic to describe the virial
equilibrium state of a whole molecular cloud in the presence of
an external pressure term. Also plotted in the 0gure are curves
(solid hyperbolic lines) depicting the theoretically predicted
loci of GMCs in virial equilibrium with an external pressure
for different values of external pressure (i.e., pext/k = 0, 104,
105, and 106). A dashed line marks the boundary between
gravitationally bound and unbound clouds where the kinetic
energy equals the gravitational binding energy (i.e., KE/GE =
1), and a straight solid line marks the location of virial
equilibrium (i.e., 2KE/GE = 1) in the absence of any external
pressure. To place these lines on the diagram, we calculated
the gravitational binding energy assuming a spherical cloud
model with a density gradient ρ(r) ∼ r−1, following C. J. Lada
et al. (2024). As can be seen here, a signi0cant fraction of the
GMCs appear to be unbound in the absence of an external
pressure, corroborating the 0ndings of C. J. Lada et al. (2024).4

External pressures ranging from p/k ∼ 104 to 106 would be
required for all of the unbound clouds in Figure 1 to be in virial
equilibrium with—and con0ned by—an external surface
pressure. The most likely source of such external pressure
for these GMCs would be the pressure in the mid-plane of the
galaxy’s disk produced by the weight (including stars and gas)
of the disk itself (B. G. Elmegreen 1989; L. Blitz &

Figure 1. The pressurized viral equilibrium diagram for GMCs in M31. The
solid lines are the theoretically predicted relations for GMCs in virial
equilibrium with external surface pressure for different varies of the external
pressure (i.e., p/k = 0, 104, 105, and 106). The dashed line divides unbound
and bound clouds in the absence of any external pressure (i.e., p/k = 0). The
data are color-coded by the value of the outer boundary surface density, Σ0,
used to de0ne each cloud. The required pressure for con0nement spans a range
of approximately two orders of magnitude and appears to be positively
correlated with the cloud’s outer boundary surface density, which is set by the
image sensitivity. See text for discussion.

4
However, the exact fraction of sources that appear unbound (or bound) is

very uncertain, since the exact locations on the plot of the boundary between
bound and unbound clouds and the line of virial equilibrium are sensitive to
the assumed geometry and density structure of the adopted cloud model, while
the precise locations of the data are sensitive to systematic uncertainties in the
CO mass calibration.

2
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E. Rosolowsky 2004; E. Keto 2024). However, the range of
external pressure required for con0nement exceeds the
expected variation of the mid-plane pressure in a disk galaxy
like M31. This pressure approximately varies with the
square of the total gas (H I + H2) surface density,

G
2

2 (M. R. Krumholz & C. F. McKee 2005). Between 6

and 16 kpc, where 90% of the GMCs in the SMA survey of
M31 are found, the total gas surface density (H I + H2) only
varies by about a factor of ∼2 (L. C. Johnson et al. 2016),
corresponding to an expected mid-plane pressure variation of
about a factor of ∼4. This is well short of the spread in the data
in the 0gure, which would require pressure variations of more
than 2 orders of magnitude to virialize all the clouds across the
observed range of galactocentric distances.
We can directly estimate the mid-plane pressure in the disk

of M31 from observations using the following equation
(B. G. Elmegreen 1989):

( )= +p p G
2

. 1g g
g

mp ext

Here, Σ* is the stellar surface density in the disk, Σg is the

total (H I + H2) gas surface density, and σ* and σg are the

velocity dispersions of the stars and gas, respectively. Because

M31 has been extensively studied, all the quantities in this

equation can be obtained from the literature. We evaluate

Equation (1) using values for a galactic radius of 10 kpc.

We adopt Σg = 10M⊙ pc
−2, σg = 9 km s−1 (L. C. Johnson

et al. 2016) and Σ* = 210M⊙ pc
−2

(A. Tamm et al. 2012;

S. Rahmani et al. 2016). The stellar velocity dispersion in the

disk is found to be an increasing function of stellar age with

σ* = 30 km s−1 for main-sequence stars and σ* = 90 km s−1

for red giant stars (C. E. Dorman et al. 2015). Here, we adopt

σ* = 90 km s−1 to obtain a lower limit on the mid-plane

pressure. From Equation (1), we 0nd pmp ≳ 1.0× 10
4kb. Here,

kb is the Boltzmann constant.
Evidently, the mid-plane pressure of the M31 disk cannot

virialize or con0ne all the unbound clouds observed across
M31. However, some care is warranted before taking the
derived CO surface densities at face value. In particular, earlier
studies (C. J. Lada & T. M. Dame 2020; J. A. Lewis et al.
2022) have demonstrated that the derived surface densities of
GMCs are quite sensitive to a systematic in the methodology
used to de0ne the clouds. The surface density of a GMC is
de0ned by the ratio of its molecular mass to its area.
Measurements of both quantities in a GMC depend on the
outer surface density boundary (Σ0) empirically adopted for
the cloud. For the M31 data used here, these boundaries are set
by the (3σ) level of the image noise of the corresponding data,
and although designed to be very similar, the image noise
levels were found to vary due to the various factors discussed
earlier. In Figure 1, the data are color-coded to indicate the
various (noise-0xed) values of Σ0 used to de0ne the clouds in
the M31 sample.
The 0gure shows that the location of GMCs on the diagram

systematically varies with the adopted outer boundary, Σ0. The
GMCs with the lowest boundary surface density (expressed
here in terms of equivalent magnitudes of visual extinction,
Av), appear to require the lowest external con0ning pressures.
The adopted surface density boundaries of these particular
clouds are equal to or less than Av= 1 mag (i.e., ≲
22M⊙ pc

−2
), and these boundaries are likely very close to

the expected physical boundaries of the GMCs.5 As an

illustration of this, we present in Figure 2 the surface density
map of the GMCs K029A and K029B superimposed on an
HST image of the region. This is one of several areas in M31
where our SMA observations coincided with high-resolution
HST images in which cloud-like features of visual extinction
were present. The lowest surface density CO contour in the
image corresponds to the 1σnoise image noise level and is very
close to the expected molecular/atomic transition boundary,
which we consider the physical boundary for molecular
clouds. It is also at the depth of the 3σnoise cloud boundaries
measured for many clouds in the deepest images of our survey.
The 0gure demonstrates how the CO emission can closely
trace the borders of the extinction, even at the image depth of
the K029 0eld.
For the set of GMCs with the deepest measured outer 3σnoise

boundaries (Av� 1 mag), the pressures required for their

con0nement, 5× 103 ≲ p/k ≲ 5× 104, are comparable to
the mid-plane pressure we estimated for M31 (p/k ≳ 1× 104)
and to the expected mid-plane pressure (p/k ≈ 4× 104) of a
typical disk galaxy (e.g., L. Blitz & E. Rosolowsky 2006;

A. V. Kasparova & A. V. Zasov 2008; A. K. Leroy et al.

2008). These facts indicate that the mid-plane pressure of M31

is likely suf0cient to con0ne these particular clouds. Moreover,

because the depths of these particular measurements are close

to the actual molecular boundaries of the GMCs, we have not

accounted for any extra pressure exerted by their surrounding

Figure 2. The surface density map derived from the J = 2–1 12CO
observations of the GMCs K029A and B superimposed on an optical
(F475W) HST image of the corresponding region, illustrating the close
correspondence between the extents of the observed CO emission and
extinction produced by the clouds. The lowest two dashed contours correspond
to iso-density contours at the 1 and 2 σnoise levels of image noise. The lowest
solid contour corresponds to the 3 σnoise de0ning boundary for the clouds. The
surface density contours correspond to values of 0.93, 1.9, 2.8, 5.6, and 11.2
visual magnitudes or 18, 36, 54, 108, and 216M⊙ pc

−2, respectively. In this
0eld, the 1σnoise level is very close to the expected physical (molecular)
boundary (Av ≈ 0.5 mag) of the two clouds. See text for discussion. HST
image from J. J. Dalcanton et al. (2012).

5
The edge of a molecular cloud is de0ned by the location of the atomic–

molecular phase transition in the gas. In the Milky Way, this occurs at a
surface density of ≈ 0.5 mag (or

HI H

2

≈ 10 M⊙ pc
−2; e.g., A. Sternberg &

A. Dalgarno 1995).
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atomic envelopes. While the sizes and masses of these GMC
envelopes are presently unknown, any pressure exerted by
their weight will reduce the external pressure required for
overall con0nement (B. G. Elmegreen 1989). This further
reinforces the idea that the mid-plane pressure in M31 is very
likely adequate to con0ne these GMCs.
Figure 1 also indicates that GMCs with Σ0 > 1 magnitude

would require an additional source of external surface
pressure, beyond the pressures exerted by the galaxy’s mid-
plane, and the GMC’s surrounding atomic envelope in order to
be in (virialized) pressure equilibrium. The higher values of Σ0
for these GMCs indicate that the corresponding CO observa-
tions are not able to detect their full molecular masses and
extents, due to elevated image noise in the corresponding
0elds. That the required external pressures for con0nement of
these GMCs increase systematically with Σ0 suggests that the
extra source of required pressure is the weight of the
undetected molecular gas outside the adopted (noise-de0ned)

boundaries of these clouds.
It is therefore plausible that most of the GMCs in M31 are

bound across all internal boundaries, including their outer
edges, by a combination of surface pressure and gravity, and
that they are in a state of pressurized virial equilibrium
throughout their structure. To test this hypothesis, it would be
crucial to determine the radial variation of internal pressure
within individual GMCs. Such measurements could provide
key insights into whether the GMCs maintain virial equili-
brium from their innermost regions to their outer boundaries.
In the following section, we will employ new methodology
that enables us to measure the internal pressure structure of the
best-resolved GMCs from the M31 SMA survey and better
evaluate the dynamical natures of these extragalactic mole-
cular clouds.

3.2. Measuring the Internal Pressure Pro�les within
Individual GMCs

3.2.1. Methodology

The GMCs in the SMA survey of Andromeda are all
spatially resolved to varying degrees. From the observations,
we can then directly measure the internal pressure, pint, of a
GMC as a function of cloud depth, with the assumption that
the velocity dispersion (σ) is due to turbulent broadening:

( ) ( ) ( )=p r r
r
. 2

int

2

Here, Σ(r) is the mass surface density, and r is the projected

radial dimension as de0ned below. Important insights into the

role of pressure in the stability and structure of the M31 GMCs

can be obtained via analysis of the dependence of internal

pressure on cloud depth. To do this, we 0rst employ a

methodology similar to that we have used to measure the basic

global properties of the GMCs. For each GMC, we de0ne a

sequence of increasing boundary surface densities, Σi, that

begins with Σi = Σ0, the outermost cloud boundary (set to the

nominal 3σnoise level of the moment 0 image containing the

GMC) and increases by increments of σnoise, until Σi encloses

an area comparable to that of the synthesized beam of the

interferometer (i.e., ri ≈ Rbeam ≈ 7 pc). We then measure the

average surface density, 〈Σi 〉 , and from the average CO line

pro0le, the velocity dispersion, σi, for an area corresponding to

Σ > Σi. Each value of Σi corresponds to a radius ri that is

de0ned by the area ( ( )/=r Ai i
0.5) of all the pixels with

Σ > Σi. This areal approach for de0ning the average r, σ, and

Σ has the bene0t that the derived quantities are independent of
cloud geometry. This is particularly advantageous for

measurements of GMCs, which are generally noncircular and

irregularly shaped. Table 1 displays the resolved basic

properties of the individual GMCs in our M31 sample that

are de0ned and derived in this way. With the surface densities,

velocity dispersions, and radii in the table, we can then use

Equation (1) to construct an internal radial pro0le of average

pressure for each individual GMC.
Molecular clouds are typically characterized by what can be

described as inwardly increasing surface density gradients, that
is, surface densities that increase with decreasing spatial scale
or cloud area (e.g., C. J. Lada et al. 1994; J. Alves et al. 1998).
As a result, cloud depth can be usefully measured in terms of
either a projected radius or a surface density. For GMCs that
are only modestly resolved (i.e., RGMC ≲ 10Rbeam), like those
in M31, it can be more insightful to measure GMC depth in
terms of surface density than radius, because in such clouds,
the dynamic range in surface density is typically much larger
than that in radius.

3.2.2. Results

Using our methodology, we constructed the pro0les of
internal pressure verses surface density for each of the M31
GMCs in our sample. Figure 3 shows these individual
relations, where the data for each GMC are plotted as a series
of points connected by solid traces. The points correspond to
different surface density levels within the cloud separated by
increasing 1σnoise steps in surface density, starting from the
value Σ = Σ0 for each cloud. Spaced in this way, the
horizontal and vertical displacements between adjacent points
on the plot are equal to the one sigma formal error in each
coordinate for each point. However, we should note that, with
this sampling frequency in surface density, the surface
densities and derived pressures are oversampled in radius,
and consequently, we include only clouds with 0ve or more
such surface density measurements in the plot. This restricts
the sample to a set of 48 GMCs that are both reasonably well
resolved and exhibit a signi0cant dynamic range in internal
surface density. This represents only ∼ 40% of the GMCs in
Figure 1. Because of this requirement, however, only 11
GMCs appear on the plot that are apparently unbound at all
Σs, representing only 16% of the GMCs that were found to be
globally unbound by C. J. Lada et al. (2024) and in Figure 1.
Thirty-seven GMCs appear in the bound region of the plot,
accounting for 74% of the GMCs seen to be globally bound in
Figure 1.
As a group, the GMCs in Figure 3 exhibit reasonably well-

behaved pressure pro0les that correspond to inwardly increas-
ing pressure gradients. These pro0les are generally parallel to
themselves and to both the virial equilibrium line and the
boundary between bound and unbound clouds (i.e., where
2KE=GE, and KE=GE, respectively, and pint ∼ Σ2). The
dispersion in the pro0le locations is relatively narrow. For 33
GMCs with an average surface density within 0.1 dex of log
Σ = 2, the median and standard deviation of internal pressures
are found to be pint = log(Σσ2/R) = 1.69 ± 0.18 dex. This
level of scatter can be almost entirely accounted for by the

4
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observed scatter in the dust-calibrated mass conversion factor
(α(CO) = 10± 4.5) directly measured for the SMA GMC
sample (S. Viaene et al. 2021) and employed to derive the
cloud masses used here (C. J. Lada et al. 2024). Thus, the
intrinsic dispersion of this sequence of pressure pro0les is
narrower than shown in the 0gure. Additionally, the median
value of these M31 pressure pro0les is within 1σ of the virial
relation depicted here.
There is a tendency for many of these pressure pro0les to

bend upward at the highest surface densities. A particularly
good example of such a pressure gradient structure is shown in
Figure 4, where we plot pint against Σ for the 12CO
observations of the GMC K001A, a gravitationally bound
GMC. The 12CO relation displays a well-behaved, inwardly
increasing pressure gradient. At the lower surface densities
(i.e., ≲220M⊙ pc

−2
), the pressure displays a smooth, linear

(power-law) rise with surface density, with a least-squares 0t
yielding pint ∼ Σ1.88±0.05. For this cloud, the observed relation
is coincident with the virial equilibrium line within the errors.
This demonstrates that the internal structure of the K001 GMC
is con0gured to produce a pressure gradient that maintains the
lower surface density, outer regions of the GMC in a state of
virial balance at every radius. This is in close agreement with
the theoretical expectations for an object in hydrostatic
equilibrium, where inward and outward vertical forces are
balanced and pint ∼ GΣ2, independent of cloud shape
(F. Bertoldi & C. F. McKee 1992).
At Σ ≈ 240M⊙ pc

−2, the data break from the single linear
relation and the pressure increases more rapidly, with surface
density with pint ∼ Σ4.4±0.07. The higher surface density inner
layers of the cloud increasingly depart from the (pressure-free)
virial equilibrium relation. Indeed, the innermost region of the
cloud, with the highest surface density, is situated very close to
the boundary between bound and unbound objects. Conse-
quently, the internal pressure is very close to exceeding the
limit that would enable the inner cloud material to be bound or

con0ned by gravity alone. It seems highly unlikely that the

inner parts of this massive GMC are nearly dynamically

unbound while the outer regions remain strongly bound and in

virial equilibrium. A more plausible explanation is that the

inner regions are pressure-con0ned by the weight of the

cloud’s outer layers. In other words, the inner regions, which

have lower enclosed mass, are not primarily in virial balance

between their internal kinetic and gravitational binding

energies. Instead, the balance there is dominated by the

pressure exerted by the weight of the surrounding cloud layers.

Therefore, the outer and inner regions are likely to be smoothly

connected in virial equilibrium when considering a radially or

depth-dependent pressure term.
It is important to consider here that the increase in the

internal pressure in the innermost regions is not a result of an

increase in the velocity dispersion at the higher surface

densities. Examination of our data shows no signi0cant

increase in velocity dispersion between the outermost and

innermost surface densities in K001A. Consequently, the

inward increase in pressure must be the result of a steeply

increasing cloud density gradient. This is reminiscent of the

situation for the well-studied Galactic dark cloud Barnard 68.

B68 is an isothermal cloud whose structure is exceedingly well

described by the Lane–Emden equation for hydrostatic

equilibrium, where the internal pressure gradient is primarily

the result of an inwardly increasing density gradient at all

cloud radii (J. F. Alves et al. 2001; C. J. Lada et al. 2003). The

main difference here would be that the K001A GMC is in the

regime where the internal supporting pressure is turbulent

(ρv2) rather than thermal (nkT).
Finally, we note that the methodology described (3.2.1) also

enables resolved pro0les of individual GMCs to be plotted

on the virial diagram. A similar analysis (not shown here)

using the virial plot closely aligns with the conclusions derived

from the pressure diagram.

Table 1
Resolved Physical Properties: M31 GMCs

GMC ID Avi Massi ri σi(12) σi(13) S/N Σi

(mag) (M⊙) (pc) (km s−1) (km s−1) (
13CO) (M⊙ pc

−2
)

K001A 2.7 5.93E+05 37.8 4.04 3.67 15.6 132.44

K001A 3.6 5.61E+05 35.0 4.02 3.70 16.6 146.15

K001A 4.5 5.29E+05 32.6 4.00 3.72 17.5 158.37

K001A 5.4 4.97E+05 30.5 3.97 3.73 18.2 169.61

K001A 6.3 4.63E+05 28.6 3.95 3.75 18.6 180.62

K001A 7.2 4.23E+05 26.4 3.92 3.77 18.6 192.81

K001A 8.1 3.85E+05 24.5 3.87 3.76 18.6 204.54

K001A 9.0 3.48E+05 22.7 3.80 3.71 18.6 216.13

K001A 9.9 3.12E+05 20.9 3.71 3.62 18.5 227.82

K001A 10.8 2.74E+05 19.1 3.60 3.51 18.4 240.41

K001A 11.7 2.42E+05 17.5 3.58 3.50 18.0 251.92

K001A 12.6 2.11E+05 15.9 3.66 3.57 17.2 263.91

K001A 13.5 1.78E+05 14.3 3.79 3.66 16.1 278.22

K001A 14.4 1.57E+05 13.2 3.85 3.71 15.7 287.82

K001A 15.3 1.37E+05 12.1 3.89 3.75 15.4 297.21

K001A 16.2 1.17E+05 11.0 3.92 3.77 15.1 306.93

K001A 17.1 9.69E+04 9.86 3.95 3.80 14.8 317.40

Notes. Avi is the de0ning surface density boundary for each cloud layer expressed in magnitudes of extinction. Ri is the radius deconvolved from the synthesized

SMA beam. S/N is the peak signal-to-noise measured in each 13CO spectrum. See text for discussion. Only a portion of Table 1 is shown here. The entire table is
published in machine-readable form in the online version of the paper.

(This table is available in its entirety in machine-readable form in the online article.)
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4. Discussion

4.1. Pressure Con�nement and Hydrostatic Equilibrium in the
GMC Population

The analysis presented above provides interesting insights

regarding the role of pressure in the stability and support of

GMCs in M31. In particular, GMCs that were traced to near

their outermost boundaries require surface pressures for

con0nement and virialization that are comparable to or less

than the expected mid-plane pressure of M31’s disk. This

suggests that even GMCs, whose total kinetic energies appear
to exceed their gravitational binding energies, could still be
con0ned by external pressure and be in virial and hydrostatic
balance. For GMCs that could not be traced to close to their
outermost boundaries, only their inner regions could be
measured, and their outer layers remain undetected. In these
cases, our analysis found that additional sources of pressure
are required to con0ne and bring the otherwise unbound or
loosely bound regions into virial equilibrium. The amount of
additional pressure needed scales directly with the adopted

Figure 3. Internal pressure versus surface density pro0les for the 48 best-resolved GMCs in our M31 sample. Each track represents the locus of points for an
individual GMC in this space. The individual points in each trace are separated by the 1σ internal uncertainty in each coordinate. Only sources with 0ve or more
measurements and single-component (unconfused)

12CO line pro0les are included in this GMC sample. The solid line is the virial relation with no external pressure
term. The dashed line marks the boundary between bound and unbound clouds in the absence of a con0ning external pressure, that is, where the kinetic energy of the
gas equals its gravitational binding energy. The GMCs generally exhibit inwardly increasing pressure gradients that are near-linear power laws

with /=p Rint
2

gas
2 .
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boundary for the cloud, leading to the hypothesis that this extra
pressure is provided by the weight of the surrounding,
undetected, cloud envelope.
As a test of this hypothesis, we developed a technique to

enable us to construct the internal pressure pro0les of well
resolved GMCs. This enabled a better evaluation of their
overall dynamical states. Using this methodology, we were
able to construct pro0les for 48, mostly bound, GMCs. These
pro0les exhibited a number of very similar properties. They
were generally characterized by inward-increasing pressure
gradients that are near-linear power laws with pint ∼ Σ2,
consistent with the expectations of hydrostatic equilibrium.
Many pro0les also exhibited an upward curvature at higher
surface densities. We constructed and analyzed the internal
pressure pro0le of one GMC, K001A, that best exempli0ed
this pro0le type. We demonstrated this cloud to be in a state of
virial equilibrium throughout its entire interior structure,
supporting the hypothesis that this GMC is likely in
pressurized hydrostatic equilibrium across all cloud bound-
aries, including its outermost one.
The basic similarity of the K001A’s pressure pro0le to those

of the individual GMCs shown in Figure 3 further suggests the
possibility that the structure of K001A may be representative
of the internal structures of many GMCs in Figure 3.
Inspection of the 0gure shows that numerous GMC pressure
relations, like that of K001A, lie on or very near the virial line.
The pro0les of most GMCs, however, lie between the virial
and the bound/unbound boundary lines, indicating that these
clouds are bound. Since this 0gure is somewhat crowded with

multiple overlapping pro0les, we separately plot the pro0les
for two other GMCs (K098A and K213A) in Figure 5, to more
clearly illustrate how comparable the natures of GMC pressure
pro0les in M31 can be. The pro0le of K213A closely
resembles that of K001A in Figure 4, with both clouds
showing the low surface density points to be coincident the
virial line, within the relatively small internal uncertainties. At
higher surface densities, K213A deviates upward from the
virial relation, like K001A, similarly suggesting an internal
structure described by pressurized virial equilibrium across all
cloud boundaries or radii. We also plot the pressure pro0le for
the GMC, K098A, a cloud whose pro0le more typically lies
above the virial line. The pressure pro0le of K098A closely
matches the shape of K213A’s pro0le where they overlap in
surface density. Moreover, when accounting for the mutual
internal errors (shown in the 0gure), the pro0les of K098A and
K213A are essentially coincident within the formal uncertain-
ties. This is consistent with and supports the hypothesis that
these GMCs are in virialized pressure and hydrostatic
equilibrium across their internal structure.
A similar conclusion may apply to most of the sources in

Figure 3, although there is some variation in pressure pro0le
shapes across the GMC population. For example, there are
some sources whose pro0les have less pronounced or no
upward curvature, as can be ascertained in the 0gure, and there
are a handful of sources with pro0les that decline at the higher
surface densities. Nonetheless, the pro0le shapes of sources
K001A, K098A, and K213A are typical of the bulk of the
GMCs, independent of their exact position on the diagram.
Moreover, the similarity of the pro0les may extend beyond
their shapes to their true locations on the diagram, when one
considers that the positions of the individual GMCs in Figure 3
are also subject to additional uncertainties due to systematic
effects—the dominant one being the uncertainty in the CO

Figure 4. Internal pressure–surface density (pint–Σ) relation for the GMC
K001. The solid line is the virial relation with no external pressure term. The
dashed line is the boundary between bound and unbound clouds in the absence
of a con0ning pressure, that is, where the kinetic energy of the gas (KE) equals
its gravitational binding energy (GE). The error bars are the internal errors.
The relation is indicative of a state of virial equilibrium across each cloud
boundary or radius, as would be expected for a cloud in hydrostatic
equilibrium. The break away from the simple virial relation at the high surface
densities is likely due to the pressure from the weight of the outer cloud layers
being more important than gravity for con0ning the gas in the inner depths of
the cloud. See the text for more details.

Figure 5. Internal pressure–surface density (pint–Σ) relation for the GMCs
K213A and K098A in M31. The shapes of the two pro0les are very similar
and coincident within the errors, consistent with virial equilibrium at every
boundary surface density or radius for each cloud. Otherwise, this 0gure is the
same as Figure 4.
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mass calibration, α(CO), which for the M31 clouds is on the
order of 40% (S. Viaene et al. 2021). Furthermore, the
locations of the virial and bound/unbound boundary lines
themselves are also uncertain due to the assumptions of
spherical geometry and a speci0c density structure used to
calculate their positions. However, the systematic uncertainties
enumerated above are not important for the assessments of the
shapes of the GMC pressure pro0les studied here. The relevant
uncertainties for that purpose are the internal uncertainties that
are tied to the image noise in the observations that was
discussed earlier. The fundamental property of the GMCs
examined here is that their pressure pro0les increase in an
approximately power-law fashion with surface density. That
the pro0les are also generally parallel to the virial and bound/
unbound boundary lines indicates that pint ∼ Σ2 for these
GMCs and therefore that they are likely in approximate virial
balance at all depths. For most GMCs whose pressure pro0les
exhibit upward curvature at the highest surface densities, the
upward trajectories are also consistent with the expectations of
virial or hydrostatic balance with pressure con0nement
provided in the innermost regions by the weight of their outer
layers.
Additional support for this interpretation of the internal

dynamical nature of these M31 GMCs comes from 13CO
observations of the clouds. This is illustrated by the two
examples in Figure 6, where we present both the 12CO and
13CO pressure pro0les for the GMCs, K001A and K270A.
Here, the 13CO pressures were calculated for the same areas as
the 12CO, and the pressure differences are due to the difference
in velocity dispersions between the two isotopologues. We
also carried out a separate analysis where the 13CO data were
independently extracted using the same methodology as
employed for the 12CO data analysis. Out of the 48 GMCs

in our sample, 31 were found to have 13CO emission that was
both suf0ciently spatially resolved and of suf0ciently large
dynamic range in column density to construct 0ve-point
pressure pro0les, similar to those created from the 12CO data.
Overall, the 31 13CO pressure pro0les closely resemble and
align with the 12CO pro0les, similar to the two examples
illustrated in Figure 6. The similarity between the pro0les from
the 12CO and 13CO extractions suggests that the same
underlying physics driving the 12CO relations—namely,
hydrostatic/virial equilibrium at all cloud depths—is likely
responsible for the overall structure of the 13CO pressure
relations as well.
As noted earlier in this paper, 57% of the GMCs in M31

appear unbound, with their kinetic energies exceeding their
gravitational binding energies. In our analysis, we were able to
evaluate pressure pro0les for only 11 of these unbound clouds,
or 16% of the total. We 0nd them to be of similar nature to the
rest of the GMC pressure pro0les. Consider that our analysis of
the virial diagram for both bound and unbound GMCs in M31
revealed that, for the clouds that could be traced to their
outermost physical boundaries, the pressure required for their
con0nement was comparable to the expected mid-plane
pressure of M31. Based on these 0ndings, we conclude that,
while most GMCs in M31 (by number) may have bulk kinetic
energies greater than their gravitational binding energies, it is
quite plausible that they are all con0ned by the pressure of the
surrounding interstellar medium in the M31 disk and are not
freely expanding. Some of these GMCs may also be in a state
of virial, if not hydrostatic, equilibrium.
There is an important caveat regarding the validity of our

pressure analysis. Our underlying premise is that the CO
velocity dispersions are due to relatively small scale (l< 10 pc)
turbulent motions. If the dispersions were instead due to bulk
systematic motions such as global collapse (e.g., P. Goldreich &
J. Kwan 1974; M. Zamora-Aviles et al. 2024), then our
interpretation of the virial and pressure diagrams would not
necessarily be unique. For example, globally collapsing clouds
can produce pro0les that parallel the virial relation on the virial
and pressure plots used here (F. H. Shu 1977; M. R. Krumholz
et al. 2025). However, such clouds would not be expected to
simultaneously produce pro0les with upward curvature at high
surface densities (M. R. Krumholz et al. 2025). For those GMCs
with cloud pro0les absent of such upward curvature, their
dynamical nature is somewhat ambiguous and would require
additional information for a more de0nitive assessment of their
dynamical state.

4.2. Broader Implications

The Milky Way and Andromeda galaxies exhibit several
key differences in their global physical properties. The
metallicity gradient of the Milky Way is much steeper than
that of M31 (C. Bosomworth et al. 2025). The Milky Way’s
disk has better-de0ned spiral structure, while M31’s disk is
dominated by a prominent ring of active star formation. The
scale height of M31’s disk is signi0cantly larger than that of
the Milky Way (J. J. Dalcanton et al. 2023). These differences
may all be attributable to the fact that, during the last 2–3
billion years, M31 has experienced collisions with its
companion galaxy M32, (D. L. Block et al. 2006; M. Dierickx
et al. 2014; R. D’Souza & E. F. Bell 2018), while during the
same period, the Milky Way has evolved in a more secular
manner.

Figure 6. Internal pressure–surface density (pint–Σ) relations for 12CO (solid
symbols) and 13CO (open symbols) for the GMCs K001A (squares) and
K270A (circles) in M31. The 12CO and 13CO relations for both sources are
very similar in shape and position and coincident within the internal
uncertainties. Otherwise, this 0gure is same as Figure 4.
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Despite these differences, studies of the molecular clouds in
both galaxies have shown notable similarities in their physical
properties (e.g., S. N. Vogel et al. 1987; C. J. Lada et al. 1988;
L. Loinard et al. 1999). Recently, in the most comprehensive
study of GMCs in M31 to date, many of the fundamental
physical properties of its GMCs were found to be “almost
indistinguishable” from those of local Milky Way clouds
(C. J. Lada et al. 2024). The results of the present study, when
combined with those obtained recently for Milky Way clouds
by E. Keto (2024), further support the concept of closely
similar GMC populations in the two galaxies. In particular, the
individual GMCs in both galaxies show evidence for
hydrostatic equilibrium characterized by gravitational binding
within a con0ning internal pressure that is provided by the
weight of the GMC itself. There is also an overall pressure
balance across the outer boundaries of the clouds, where the
mid-plane pressure of each galaxy’s disk provides the
con0ning pressure.
The broader implications of these 0ndings for the evolution

of molecular clouds are not presently clear. Although many
clouds in M31 appear to be in hydrostatic equilibrium, they
remain turbulent, dynamic systems likely undergoing changes
over time. Hydrostatic equilibrium does not guarantee long-
term stability. For example, a cloud may be in an unstable
equilibrium state, similar to a critically stable Bonner–Ebert
sphere. Once disturbed, the cloud would collapse or disperse
on a freefall timescale. However, this scenario is unlikely for
the M31 GMCs studied here. If their equilibrium lasted less
than a freefall time and we are observing them at random
stages of evolution, it would suggest that most of these GMCs
just happened to synchronize themselves to be in this short-
lived phase at the exact moment we observed them. This seems
unlikely and instead suggests that the clouds are in a quasi-
stable state lasting on the order of, or longer than, a freefall or
dynamical time.
The apparent stability suggested here could help ease the

long-recognized problem that Milky Way molecular clouds are
observed to form stars at a signi0cantly lower rate than
predicted from simple theoretical considerations for clouds
evolving on a freefall timescale which is on the order of 3Myr
for typical GMC number densities of 100 cm−3 (e.g., B. Zuc-
kerman & P. Palmer 1974; B. Zuckerman & N. J. Evans 1974;
M. R. Krumholz & C. F. McKee 2005). With a molecular mass
one-quarter that of the Milky Way (T. M. Dame et al. 1993), as
well as a lower global star formation rate, this issue is also
problematic for M31. Clouds in approximate hydrostatic
equilibrium would be expected to evolve on somewhat
longer timescales, consistent with modern estimates of cloud
lifetimes in galaxies of up to 30Myr (e.g., E. Schinnerer &
A. K. Leroy 2024 and references therein).
Feedback from star formation is believed to be highly

effective at disrupting clouds on timescales of 5–10Myr after
the onset of star formation (e.g., D. Leisawitz et al. 1989). As a
result, one might expect to observe at least some GMCs that
are unbound and breaking apart. However, would we even
recognize clouds in such a state? A recent study of the Sco-
Cen star-forming region in the Milky Way suggests that a
signi0cant fraction of the original molecular gas survives the
disruption process. This surviving gas, however, is more
dispersed and fragmented into smaller units that lack the
fraction of high-density material typical of their progenitor
GMC (J. F. Alves et al. 2025). Surviving clouds smaller than

about 10 pc in size would be 0ltered out in the present study,
due to our selection criteria. Yet the lifetime of any surviving
molecular gas we could detect would be perceived to be longer
than a freefall time. In this context, it is interesting to note that
C. J. Lada et al. (2024) identi0ed two distinct physical types of
GMCs in Andromeda, which they classi0ed as “dense” and
“diffuse” GMCs. This classi0cation was based on the presence
or absence of signi0cant 13CO emission, respectively.
Although diffuse GMCs make up 62% of the total GMC
population, they account for only 27% of the total mass. The
average sizes of diffuse GMCs are roughly a factor of 2 less
than those of the dense GMCs. Furthermore, only 25% of
diffuse GMCs appear to be gravitationally bound in the
absence of external pressure. Of the 48 GMCs for which we
obtained reliable pressure pro0les, only 11 were diffuse, and of
these, 7 were bound objects. The average surface densities
of diffuse GMCs are nearly a factor of 2 lower than those of
dense GMCs, but individually they do not typically span a
suf0ciently broad range of internal surface densities to appear
on the pressure plot in Figure 3. Nonetheless, as argued earlier,
these clouds too may be quasi-stable, pressure-con0ned
objects. Their smaller sizes and densities may also indicate
that some of these diffuse GMCs are remnants of disruptive
feedback events, similar to the clouds associated with the Sco-
Cen OB association in the Milky Way. But it is also possible
that they represent the initial stages of molecular cloud
evolution prior to active star formation, corresponding to the
empirical evolutionary stages I and II described by Y. Fukui
et al. (1999). In this case, their lifetimes (6–20Myr; A. Kaw-
amura et al. 2009) would also be longer than the freefall
timescale and thus consistent with their relative dynamical
stability inferred here. However, a more de0nitive statement
about the evolutionary nature of the diffuse GMCs would be
speculative at this time.
Beyond Andromeda and the Milky Way, our results are also

consistent with observations of nearby galaxies. For example,
in a study of the galaxy NGC 300, C. M. Faesi et al. (2018)

argued that differences between the GMC surface densities of
NGC 300 and the galaxy M51 could be accounted for by the
differences in the estimated mid-plane pressures in the two
galaxies if the GMCs in both galaxies were con0ned by these
ambient disk pressures. In particular, our 0ndings support the
study by J. Sun et al. (2020), which investigated the dynamical
states of molecular clouds in 28 nearby, but more distant, star-
forming galaxies. On spatial scales of 1 kpc2, their study found
that the turbulent pressure of molecular gas was correlated
with, but often exceeded, estimates of the mid-plane pressures
in these galaxies. This suggested that the molecular gas was
overpressurized relative to its surrounding environment.
However, Sun et al. surmised that their mid-plane pressure
estimates, which scaled with the square of the total (atomic +
molecular) gas surface density, were likely underestimating
the actual pressures felt by the molecular gas on ∼100 pc
scales. They hypothesized that this was due to the clumpiness
of the molecular gas on 1 kpc2 scales, which diluted its
contribution to the mid-plane pressure estimates. After
accounting for this effect, Sun et al. found that, on cloud
scales, the ambient mid-plane pressure agreed well with the
turbulent pressures of the molecular gas. Our 0ndings showing
that M31 GMCs are in rough pressure equilibrium with the
ambient disk pressure corroborates this analysis. This is in
large part because our estimates of mid-plane pressure in M31
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are more representative of the pressure at the individual cloud
surfaces, since they were computed for smaller spatial scales
(0.5 kpc2) in a galaxy where atomic hydrogen dominates the
total gas surface density in the disk.

5. Summary

We analyzed 12CO and 13CO observations from a deep
SMA survey of the Andromeda galaxy to examine the role of
pressure, both external and internal, in determining the
structure, stability, and dynamical nature of the galaxy’s
GMC population. From an analysis of global properties of the
GMCs, we con0rmed earlier results that suggested that the
kinetic energies exceed the gravitational binding energies for a
large fraction of, if not most, GMCs. Further analysis indicated
that the range of external pressure that would be required to
con0ne the GMC population was too large to be provided by
the mid-plane pressure in the disk of a galaxy such as M31—
the exception being where the nominal image noise was
suf0ciently low to enable the clouds to be traced to depths
(Av ≈ 1.0 mag) near their outermost molecular boundaries. For
these clouds, the external pressures required for con0nement
are comparable to the estimated mid-plane pressure of M31.
Furthermore, for the remaining GMCs, the required con0ning
pressures were found to systematically increase with the
surface densities of the empirically adopted, noise-0xed, outer
cloud boundaries. This suggests that these clouds are likely
pressure-con0ned by the weight of their (undetected) outer
envelopes. Together, these considerations indicate that the
GMCs in M31 are likely in or close to virial equilibrium across
all radii.
To test this hypothesis, we developed a methodology that

allowed us to use CO observations to measure internal cloud
pressures as a function of cloud scale or depth in 48 of our
best-resolved GMCs. We found that the pressure pro0les
derived from 12CO and 13CO emission were well-behaved and
strikingly similar, with internal pressure gradients increasing
steeply in a power-law fashion with cloud surface density (i.e.,
pint ∼ Σ2), and in numerous cases, with additional upward
curvature at the highest surface densities. We argue that these
behaviors are in agreement with the theoretical expectations of
hydrostatic equilibrium and support the hypothesis that these
GMCs in M31 may be in or near virial equilibrium across their
entire structure, including the outermost boundaries.
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