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ABSTRACT

Aims. The chemical abundance of the interstellar medium sets the initial conditions for star formation and provides a probe of chemical
galaxy evolution models. However, unresolved inhomogeneities in the electron temperature can lead to a systematic underestimation
of the abundances. We aim to directly test this effect.

Methods. We used the SDSS-V Local Volume Mapper to spatially map the physical conditions of the Trifid Nebula (M 20), a Galactic
H 11 region ionized by a single mid-type O-star, at a 0.24 pc resolution. We exploited various emission lines (e.g., Hydrogen recombi-
nation lines and collisionally excited lines, including also faint auroral lines) and computed the spatially resolved maps of [O 11] and
[S 1] electron densities, the [N 11], [O I1], [S 11], and [S 111] electron temperatures, and the ionic oxygen abundances.

Results. We found internal variations of electron density that result from the ionization front, along with a negative radial gradient.
However, we did not find any strong gradients or structures in the electron temperature and the total oxygen abundance, making the
Trifid Nebula a relatively homogeneous H 11 region at the observed spatial scale. We compared these spatially resolved properties with
equivalent integrated measurements of the Trifid Nebula and found no significant variations between integrated and spatially resolved
conditions.

Conclusions. This isolated H II region, ionized by a single O-star, represents a test case of an ideal Stromgren sphere. The physical
conditions in the Trifid Nebula behave as expected, with no significant differences between integrated and resolved measurements.

Key words. ISM: abundances — ISM: general — HII regions — ISM: structure — local insterstellar matter —
ISM: individual objects: M 20
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1. Introduction

During the process of galaxy evolution, gas from the interstellar
medium (ISM) is enriched by stellar feedback from the current
generation of stars, through supernovae explosions and stellar
winds (e.g., Gallart et al. 2019; Martig et al. 2021; Conroy et al.
2022). This enriched gas mixes into the ISM of the galaxy
and eventually forms a new generation of stars with higher
metal abundances (e.g., Worthey et al. 1992; Mo et al. 2010;
Peletier 2013). Therefore, to understand galaxy formation and
test models of chemical galaxy evolution, we need to deter-
mine the current elemental abundances, as they contain a record
of the galaxy’s formation history (e.g., Peimbert et al. 2017;
Maiolino & Mannucci 2019). This can be achieved by measuring
the current chemical gas-phase abundances of star-forming H 11
regions via bright optical emission lines (e.g., Pérez-Montero
2017; Peimbert et al. 2017; Kewley et al. 2019b). H1I regions
are primarily composed of hydrogen ionized by young massive
stars (e.g., O-type stars) with a high rate of hydrogen-ionizing
photon emission. In addition, these regions also contain helium
and heavier elements such as oxygen, nitrogen, and sulfur (e.g.,
Esteban et al. 2017, 2025).

The temperature of the gas in the H IT region is governed by a
balance of heating and cooling processes. The ISM gas is mainly
heated by photoionization from the stellar ionizing sources, then
cooled through recombination, free-free radiation, and collision-
ally excited line (CEL) radiation (Osterbrock & Ferland 2006;
Peimbert et al. 2017). The free-free cooling is dominated by the
hydrogen ions, due to their abundance in the ISM. On the other
hand, heavier ions such as oxygen or nitrogen contribute sig-
nificantly to the cooling via CEL radiation because they have
low-lying energy levels that are similar in energy to the kinetic
energy of free electrons. This allows these heavier ions to be
easily excited through collisions, whereas hydrogen and helium
have much higher excitation potentials. Therefore, each element
contributes to a different cooling mechanism, which makes the
equilibrium temperature of the gas in the HII region strongly
dependent on the abundances of the different elements.

During these cooling processes, various kinds of emission
lines are produced in the nebula. The recombination cooling
is responsible for the observed recombination lines (RL) that
are primarily produced by hydrogen, giving rise to the Balmer,
Paschen, and other hydrogen emission series. Cooling through
collisionally excited lines (CEL) in the optical mostly occurs via
transitions that are forbidden in the electric dipole approxima-
tion but can proceed through less probable magnetic dipole (M1)
or electric quadrupole (E2) mechanisms. Well-known exam-
ples include the strong [O111]A5007 (M1) line and the weaker
[O111]24931 (E2) line. The very low densities in ionized neb-
ulae prevent collisional de-excitation, allowing these forbidden
lines to become efficient cooling channels (Baker et al. 1938).
The relative fluxes of different emission lines are sensitive to the
electron density, electron temperature, and the ionic abundances,
hence can be used as a diagnostic of the H1I region’s physical
conditions (Osterbrock & Ferland 2006; Draine 2011).

It is often assumed that H1I regions are homogeneous sys-
tems (e.g., Filippenko 1985; Osterbrock 1989); however, the den-
sity and temperature distributions across observed HII regions
are not uniform, and spatial variations or inhomogeneities are
measured (e.g., Copetti et al. 2000; Malmann et al. 2002). Most
H 11 regions show filamentary or shell-like electron density struc-
tures (e.g., Kennicutt 1984) and show a variety of radial gradients
in density (e.g., Binette et al. 2002; Herrera-Camus et al. 2016;
Rubin et al. 2016). Similarly, the electron temperature also shows
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inhomogeneities that have been theorized to cause underestima-
tions of the ionic abundances (e.g., Peimbert et al. 2004; Higele
et al. 2006; Peimbert et al. 2017; Kewley et al. 2019a). How-
ever, measuring the electron temperature and its variations is
challenging, as the measurements rely on faint auroral lines that
are difficult to detect (e.g., Higele et al. 2006; Kewley et al.
2019b). These variations may come from shock waves and tur-
bulence (Peimbert et al. 1991; O’Dell et al. 2015; Arthur et al.
2016; Royer et al. 2025), stellar winds from planetary nebula
(Peimbert et al. 1995) or Wolf-Rayet stars (Gonzalez-Delgado
et al. 1994), and inhomogeneities in density or the distribution
of multiple ionization sources (Arthur & Hoare 2006; O’Dell
et al. 2017). Controversially, some studies have reported no evi-
dence of temperature fluctuations in single nebula (e.g., Liu et al.
2006; Stasiniska et al. 2013).

Internal variations of electron density and temperature may
affect the calculation of the intrinsic ionic abundances, as tem-
perature inhomogeneities are known to lead to an underestima-
tion in the calculation of abundances, if not properly taken into
account (Peimbert et al. 2017; Méndez-Delgado et al. 2022a,
2023a,b). In particular, in integrated extra-galactic H1I regions
or long-slit observations, the temperature inhomogeneities can-
not be resolved and need to be estimated by comparing different
ionic temperature measurements. This is because ions with dif-
ferent ionization potentials dominate in distinct regions of the
nebula, so their temperatures probe different physical zones
(Peimbert et al. 2017). Since abundance determinations depend
on these ionic temperatures, unresolved observations can intro-
duce systematic biases in the derived ionic abundances. There-
fore, we need spatially resolved observations of H1II regions to
directly measure the extent of density and temperature inhomo-
geneities and obtain more accurate abundances.

Previous approaches using integral field unit (IFU) data to
study the detailed structures of H1I regions have been reported
in the literature (Sanchez et al. 2007; Garcia-Benito et al. 2010;
Relafio et al. 2010; Lépez-Hernandez et al. 2013; Kumari et al.
2017; Dopita et al. 2019; Jin et al. 2023; Garner et al. 2025; Royer
et al. 2025). For four H1I regions in the Large and Small Mag-
ellanic Clouds at a sampling of around 0.24-0.3 pc, Jin et al.
(2023) found negative radial gradients in electron density as well
as positive and negative radial gradients in electron tempera-
ture. However, the gradients in electron temperature are smaller
than the uncertainties, so the measured temperatures across the
four nebulae are consistent with being flat. Moreover, Royer
et al. (2025) found complex patterns of electronic density and
temperature variations across the H 11 region Sh2-158.

It is possible to achieve a homogeneous spatial sampling
of multiple H1I regions and the ISM across the local galactic
environment with high-quality spectra using the Sloan Digi-
tal Sky Survey-V (SDSS-V) Local Volume Mapper (LVM), a
recently commissioned spectroscopic survey (Perruchot et al.
2018; Kollmeier et al. 2019; Drory et al. 2024; Blanc et al. 2024;
Herbst et al. 2024; Kollmeier et al. 2025). The study by Kreckel
et al. (2024) demonstrated the great potential of this survey in
their first analysis of a larger region in the Orion nebula.

The Trifid Nebula (M 20), shown in Fig. 1 based on an
NSF-DOE Vera C. Rubin Observatory image', is a small and
nearly symmetrical HII region ionized by HD 164492A, classi-
fied as an O 7.5 V star (Sota et al. 2014). However, its measured
effective temperature of 38 000 K (Martins et al. 2015) suggests
a slightly earlier type, around O 6.5 V. With the ionization dom-
inated by this single O-type star, M 20 offers an ideal laboratory
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Fig. 1. NSF-DOE Vera C. Rubin Observatory image of the Trifid Neb-
ula, using LSST’s (Legacy Survey of Space and Time, Ivezi¢ et al. 2019)
six filters: u, g, r, i, z, and y. It shows the glowing pink emission nebula
and the cool blue reflection nebula. The position of the central ionizing
source HD 164492A is marked with a grey star. The center of Trifid’s
reflection nebula (Lynds & Oneil 1986) is marked by the A 7 supergiant
HD 164514 (white star). The extent of the hexagonal LVM pointing is
indicated by a grey dashed line.

for studying spherical symmetry within an individual Strémgren
sphere (Stromgren 1939).

HD 164492A exhibits a soft and variable X-ray emission
spectrum with k7" = 0.5 keV and log Lx /Ly, < —7, likely pro-
duced by wind-intrinsic shocks (Rho et al. 2004). This system
was investigated for signs of binarity by Stickland & Lloyd
(2001), but they could not determine any conclusive insights.
While we cannot rule out that HD 164492A is a binary, the
available IUE UV spectrum does not show obvious signs of
a significantly hotter or cooler companion. A more thorough
investigation would be needed to set stronger constraints on
multiplicity, although we do not expect that this would lead
to a drastically different result in the ionizing photon budget.
In addition to the central ionizing star, younger, lower-mass
stellar populations (<1 Myr) are present in M 20 (Tapia et al.
2018) along with several protostars (Rho et al. 2001, 2006;
Yusef-Zadeh et al. 2005), indicating ongoing star formation.

In this study, we adopted a distance to M 20 of 1.42 *08 kpc
calculated by Méndez-Delgado et al. (2022b) using Gaia
EDR3 parallaxes (Gaia Collaboration 2020) of the central stel-
lar system HD 164492, containing HD 164492A. A reflection
nebula, caused by scattered light from the A7 super-giant
HD 164514 (Lynds & Oneil 1986) with a Gaia EDR3 distance
of 1.191 + 0.047 kpc (Gaia Collaboration 2020), is located north
of the Trifid Nebula. Lynds & Oneil (1986) suggested that the
grains in the reflection nebula have a higher albedo than the
particles in the Trifid Nebula itself, implying that the O-star
HD 164492 A must have modified the nature of the surrounding
grains.

The current generation of stars in M 20 likely formed about
1 Myr ago following a collision between two molecular clouds
(Torii et al. 2011, 2017; Fukui et al. 2021; Kalari 2021), where the
ionizing O-type star HD 164492A presumably formed around
0.3 Myr ago (Torii et al. 2017). However, other studies by
Fukuda & Hanawa (2000); Rho et al. (2008); Kuhn et al. (2022)
suggested that the kinematic features of the clouds may not
necessarily come from a cloud-cloud collision but can also be
interpreted as the expansion of the H II region or turbulence.

In this paper, we used integral field spectroscopic data from
the LVM to spatially map the physical conditions of the Trifid
Nebula at 0.24 pc resolution. We organize this paper as follows.
First, we describe the observations as well as the data reduction
in Sect. 2. Next, we describe the analysis methods to infer phys-
ical properties in Sect. 3. Then, we present our results of the
electron density, temperature, and ionic abundances in Sect. 4.
Further, the results are discussed in Sect. 5 and our conclusions
are given in Sect. 6.

2. Observations and data reduction

M 20 was observed as part of the SDSS-V (Kollmeier et al.
2019, 2025) using the LVM, which hosts a stable wide field
integral field unit to survey the ionized gas in the Milky Way,
Magellanic clouds, and other Local Group galaxies (Drory et al.
2024). The LVM is located at the Las Campanas Observatory in
Chile’s Atacama Desert and consists of four 16 cm telescopes,
each equipped with a fiber bundle (each fiber has a diameter
of 35.3 arcsec) that is fed into three DESI spectrographs with
R ~ 4000 across 3600-9800 A (Perruchot et al. 2018; Konidaris
et al. 2020; Herbst et al. 2024). This configuration allows us to
detect many faint auroral lines, which are important for the mea-
surements of physical conditions. One of those four telescopes,
hosting 1801 fibers with a total fill factor of 83%, is used for
the observation of the science targets, while the other three tele-
scopes simultaneously observe spectrophotometric stars and sky
fields, which are later used in the data reduction. With this setup,
one pointing of LVM covers a hexagon of 0.5° diameter, enabling
us to observe M 20 within only one LVM pointing, an angular
resolution of 35.3 arcsec, and, in particular, a spatial resolution
of 0.24 pc. An overview of the full observing strategy will be
given in Johnston (in prep.).

In this study, we used eight single-exposure (not dithered)
early LVM science frames (taken during September 27-30,
2023), each with an integration time of 15 minutes, leading to
a total of 2 hours and therefore a higher signal-to-noise ratio
(S/N) than a single frame in LVM’s survey mode. The frames are
reduced using version 1.1.1 of the dedicated LVM Data Reduc-
tion Pipeline (DRP) (Mejia-Narvaez in prep.), which removes
instrumental features and sky emission, while calibrating the
flux using individual stars in the science field. Then, the eight
reduced frames are combined into a single file. This combina-
tion of spectra from multiple exposures was done by collecting
the single fiber spectra, applying heliocentric velocity correc-
tions, and merging spectra from fibers with matching positions
using ASTROPY sigma_clip (with o = 2) into a mean spectrum
for each fiber. The output single frame includes all key spectral
extensions (e.g., flux and flux error) and a unified fiber position
table for analysis. In this way, we reached a mean 30~ Ha sensi-
tivity of around 6 x 107! erg/s/cm?/arcsec? for the full frame.
A spectrum of the integrated LVM frame can be seen in Fig. 2,
together with a collection of zoom-in views of strong lines and
weak auroral lines.
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Fig. 2. Top: integrated spectrum of the full LVM pointing covering the Trifid Nebula. Bottom: zoom-in collection of strong lines (left: in magenta)
and weak auroral lines (right: in blue) taken from the above spectrum, each in a window of 30 A. The He emission line is not shown here, as its

height would dominate over all other lines.

For each fiber, we fit the emission lines (Hydrogen recom-
bination lines and collisionally excited lines, including faint
auroral lines, [O11]443727,29; [S11]44069; [O111]45007;
[N11]A5755;  [S11]A6312;  [N11]JA6584;  [S11]A16717,31;
[011]47320, [O11]A7330; [S111]49531), and the continuum
spectrum independently and simultaneously. To do so, we used
Gaussian profiles for the former and a linear profile for the latter.
This nearly linear continuum emission arises primarily from
hydrogen free—free and free-bound emission and is removed
from the line fits. The [O 11]113727,29 doublet was fitted using
a double Gaussian profile, deblending the two emission lines.

To ensure good fits, all spaxels with S/N < 3 in the used
diagnostic emission line and errors larger than the measured
value itself were masked from the resulting maps (see Sect. 4).
Bright stars are negligible in the nebular spectra, as the large
field of view of each LVM fiber means that individual stars con-
tribute only to a small fraction of the total light collected and,
thus, they do not dominate the signal in their corresponding
fibers.

We note that our emission line measurements account for
all known limitations of the current DRP version, such as sky
subtraction, flat field correction, and flux calibration, since most
of the selected emission lines, except HeA7281 and [S 11]14069,
are not affected by the sky subtraction, and the qualitative
comparison of nearby emission lines would not be distorted
with other calibrations. Nevertheless, using a future version of
the DRP might slightly change the absolute values of elec-
tron density, temperature, and ionic abundances by a few per-
cent, but the measured gradients would be expected to remain
unaffected.
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3. Analysis
3.1. Reddening correction

We applied a reddening correction to the measured fluxes of
all spaxels to account for extinction. To do this, we use PYNEB
v.1.1.19b2 (Luridiana et al. 2015; Morisset et al. 2020) (together
with the atomic data set used in Méndez-Delgado et al. 2025)
which follows the well-known relationship,

J(O))

1 10Hp)
7 log (F— ;

)

fQ i

c(HpB) = ey

where c(Hp) is the reddening coefficient, f (1) is the reddening
law normalized to HB, I (1) is the theoretical flux, and F (1) is
the observed (uncorrected) flux.

To calculate the reddening correction factor c(HB) for our
H1 region, we compared the measured ratios of hydrogen
Balmer and Paschen lines with the theoretical values provided by
Storey & Hummer (1995) at an electron temperature of 10 000 K
and electron density of 100 cm™. Using other reasonable tem-
perature or density combinations (e.g., the ones calculated in this
paper) does not significantly affect the reddening correction fac-
tor or the final results and conclusions. We used the reddening
law of Cardelli et al. (1989) modified by Blagrave et al. (2007)
together with an Ry = 5.5, as measured by Greve (2010) and
Cambrésy et al. (2011).

Using PYNEB, the reddening correction factor of each ratio
is then extracted with the cHbeta function. To get a robust
measure, we adopted the median of all calculated correction
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Fig. 3. Spatial map of the dust extinction in M 20. The position of
HD 164492A is marked with a grey star. The extent of the measured
Stromgren sphere (Sect. 3.4) is shown by a grey dashed circle. The white
regions arise from the limited sensitivity to the faint hydrogen emission
lines in these spaxels and were masked (see Sect. 2). A uncertainty map
is shown in Fig. D.1.

factors derived from the various hydrogen line ratios as our final
value of c(HB). Here, we make sure to only use hydrogen line
ratios that are well measured and yield consistent correction fac-
tors (HA3771/HA6563, HA3750/HA9229, HA3771/HA9229,
HA3835/HA19229, HA4102/HA9229, HA4340/HA9229,
HA4861/HA9229, and HA6563/HA9229), to exclude ratios
affected by flux calibration issues. Finally, each measured
emission line flux is corrected for extinction using Eq. (1),
where the correction term is acquired with PYNEB’s getCorr
function (Luridiana et al. 2015). The Eg_y as shown in Fig. 3 is
related to c(HB) as

(I -f@) cHB) =04 Ep_y X(), 2

where X (1) = A1) /Eg_y = RyA (1) /Ay. The mean Eg_y for
the resolved view is 0.34 + 0.01. A map of the reddening cor-
rected Ha flux together with its radial profile can be seen in
Fig. 4.

3.2. Calculation of physical properties
3.2.1. Electron densities

The calculation of electron density, temperature, and ionic abun-
dances was also done with the PYNEB package. To measure the
resolved electron density, we used the common ratios of the two
CEL line doublets: [S11]46717/A6731 and [O11]43727/43729,
together with the PYNEB getTemDen function. An initial guess of
104000 K for the electron temperature was used in this step. To
get a stable measurement for the densities and associated uncer-
tainties of our measurement, we executed 1000 Monte Carlo
(MC) realizations of these calculations, adding random noise
to the initial flux values in each realization. This random noise
ranges between zero and the uncertainty of the initial flux mea-
surements. The final density values were taken as the median of
the 1000 MC results, whereas the uncertainties result from the
MC standard deviation. Because this process would result in a
huge amount of computing time when done for each spaxel, the

machine learning tool AT4NEB? was used to accelerate the com-
putations. In this approach, a neural network is first trained on
examples of line ratios together with their corresponding T, and
n, values and is then applied to predict the physical parameters
directly from the observations.

3.2.2. Electron temperatures

For the measurement of the resolved electron tempera-
tures, we used the common ratios of temperature-sensitive
lines: [N 11]26584/15755, [0 11]AA(3727+3729)/47320°,
[S ]AA(6717+6731)/24069, and [S111]49531/16312. In this
step, we used PYNEB’s getTemDen function with a density value
taken to be the mean of our two density measurements, n,([O I1])
and n,([S11]). We note that using either n.([O11]), n.([S11]),
or the mean value does not significantly affect the resulting
electron temperatures and abundances. Similar to the density
calculations, 1000 MC realizations were executed using AI4NEB
and the final temperature measurements were calculated as the
median of those realizations.

The measurement of T.([S1I]) needs to be handled with
caution as there might be inaccurate or excessive sky subtrac-
tion in the [S1]14069 line, potentially leading to an overes-
timation of the temperatures. For this reason, we did not use
this diagnostic in further calculations of the abundances. We
also attempted to calculate the electron temperatures using the
[Ar 111]A7135/45192 and [O111]A5007/44363 ratios. However,
the fainter emission lines that are required for these diagnos-
tics (e.g., [Ar 11]A5192, [0 111]14363) were not measured with
S/N > 3 in a sufficient number of fibers.

3.2.3. Abundances

To measure the resolved ionic abundances of oxygen, we used
PYNEB’s getlonAbundance function together with the mean elec-
tron density value. For the calculation of the Ot abundance, we
used the [O 11]JA13727+3729 lines together with the mean tem-
perature of the low-ionization states T,([N11]) and T.([O 11]).
We excluded the T.([S 11]) measurement from this calculation,
as its values might be overestimated (see Sect. 4.2). For the cal-
culation of the O** abundance, we used the [O I11]A5007 line
together with the electron temperature for high-ionization states,
T.([S111]). We could not use the temperature of [O1I1] as the
14363 line is not detected. As before, the use of different den-
sity or temperature diagnostics for the abundance determination
does not significantly affect the final abundance values. A sim-
ilar MC run as above was carried out for these measurements,
with a lower number of 100 realizations, as the abundance cal-
culations take a much longer time compared to the calculations
of densities and temperatures.

3.3. Integrated measurements

In order to quantify the differences between spatially resolved
and unresolved measurements of electron density, temperature,
and oxygen abundance, and constrain the impact of inhomo-
geneities, we construct an integrated spectrum by co-adding all
fiber spectra from the full LVM pointing into a single spec-
trum on which the emission line analysis is performed. Although

2 https://github.com/Morisset/AI4neb

3 We did not include 17330, as it blends with an OH airglow sky line
producing emission around 17330 evident from the double peak and
broader shape compared to 47320 in Fig. 2.
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Fig. 4. Left: map of the reddening corrected Ha line flux as described in Sect. 3.1. The position of HD 164492A is marked with a grey star, while
the position of HD 164514 is marked with a white star. The extent of the measured Stromgren sphere (Sect. 3.4) is shown by a grey dashed circle.
Right: radial variation of the reddening corrected Ha line flux as a function of the distance to the ionizing star HD 164492A. Faint points represent
individual spaxels, while opaque points show the uncertainty-weighted average of all spaxels within 0.1 pc wide distance bins. Standard deviations
are shown as error bars. The extent of the measured Stromgren sphere (Sect. 3.4) is shown by a grey dashed line together with the error as a grey

shaded region.

we could restrict the integration to the fibers located within a
sphere around HD 164492A, we adopt the full tile integration
to better mimic extragalactic observations, where individual H 11
regions cannot typically be resolved and the integrated spectrum
naturally includes surrounding diffuse emission and unrelated
structures. We also verified that restricting the integration to a
sphere with 2.43 pc radius (the theoretical Stromgren radius of
an O 7.5V star) does not significantly alter the derived physical
parameters. A collection of strong and weak lines observed with
the full integrated spectrum is shown in Fig. 2, and the measured
line fluxes can be found in Appendix A.

The same analysis as described in Sects. 3.1 and 3.2 is
then repeated on the integrated spectrum. Using the same
hydrogen line ratios as for the resolved measurements, we get
Ep_y =0.36 £ 0.01. The improved S/N of the integrated spectra
also allows us to measure the electron temperature from the ratio
of the He 1 17281/16678 recombination lines (Zhang et al. 2005;
Meéndez-Delgado et al. 2025). Because this is not a standard
CEL-diagnostic in PYNEB, we define a function that takes the
observed line ratio and returns the corresponding electron tem-
perature. For this, we calculate the theoretical emissivity ratios
for various possible temperatures in the range of 5000-20 000 K
and use SCIPY’s interpld to construct an interpolation function
that lets us constrain T.(He 1). As with previous measurements,
we repeat the calculation of the helium electron temperature for
1000 MC realizations, take the mean value as our final result,
and the standard deviation as an uncertainty estimate.

3.4. Estimating the stellar ionizing rate Qo

Because the Trifid Nebula is only ionized by a single O-star
HD 164492A, it shows a rather simple ionization structure in
which we can probe spherical symmetries. The Ha flux as seen
in Fig. 4 shows azimuthal variations smaller than 10%.
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The ionization equilibrium implies that, for a filled sphere
of gas, the rate of photoionizations is balanced by the rate of
recombinations (Osterbrock 1974; Draine 2011), expressed as

4
Quls™') = 3 xR’ funn J‘f—; 3)

where Qy is the number of ionizing photons emitted by the cen-
tral source, R is the size of the considered sphere (it may be the
Stromgren radius if the region is radiation-bounded), fq; is the
filling factor (or clumpiness factor), n, is the electron density, ap
is the case B recombination coefficient, and fz- is the fraction
of ionizing photons that actually ionize H (and not dust or other
elements; the covering factor /4 also enters in fy+, as well as
the escaping fraction due to a matter-bounded nebula). The case
B recombination coefficient can be expressed by:

G,’B[Cm3 S—l] =259 x 10—13 T20'833_0'034 ln(T4), (4)

following Table 14.1 from Draine (2011), where T4 = T,/ 10*K.
The value of Qg can then be estimated from the observa-
tions presented in this work. From the resolved He flux in Fig. 4
(right), we can see that the flux is high in the central region and
decreases heavily until a distance of around 3.0 pc. This sets our
observed radius to Rops = 3.0 = 0.5 pc. The main difficulties are
to determine the filling factor, fs;, and the electron density, n,.
The latest derived from the [S11]A16717/46731 line ratio seems
to decrease with the distance to the center, as shown in Fig. 6
described below. This only gives insights into the low ionization
region density; the inner, higher ionization part of the nebula
may be at higher densities. A way to remove these difficulties is
to consider the integrated flux Ha, which can be expressed as,

L(Ha) [ergs™'] = ;—‘ R fan n? &, S
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Fig. 6. Radial variation of the electron densities (n.([O 11]) in dark blue
circles and n,([S 11]) in light blue squares) as a function of the distance
to the ionizing star HD 164492A. Faint points represent individual spax-
els, while opaque points show the uncertainty-weighted average of all
spaxels within 0.1 pc wide distance bins. Standard deviations are shown
as error bars. The extent of the measured Stromgren sphere (Sect. 3.4)
is shown by a grey dashed line together with the error as a grey shaded
region.

where €,, the emissivity of He, is taken from Eq. (14.8) of Draine
(2011), expressed as

€ [erg s™' cm’] = 1 v, et o

(6)

— —25 n—0.942-0.031 In(T4)"
=355x 105 T, ‘

Together with Eqgs. (3) and (5), this leads to the following
relation:

ap(T.)
€(Te) fu+
0.1

T
=7.32x10"[erg™"] L (Ha) [ergs™'] fi
H+

Qo [s™'1 = L(Ha)
7)

where for T, = 10000 K, the exponent of T4 simplifies to 0.1.
The only parameter to be determined remains f-+.

The integrated spectrum over all LVM spaxels allowed us
to define L (Ha). We used the distance to the Trifid Nebula of
d =1.42 *%% kpc (see Sect. 1) to calculate the Ha luminosity,

-0.08
L (Ha), on the basis of the observed integrated and reddening

obtained Qy = (6.25 = 0.36) x 10* s7!; then, with Eq. 3)
and fiy = 1, we obtained a radius of R =2.7 + 0.3 pc. A filling
factor of fi; = 0.7 is needed to recover a Stromgren radius of
3.0 pc.

To determine a value of fy+ more tailored to the Trifid con-
ditions, we ran a photoionization toy model using the CLOUDY
code (v25.00, see Gunasekera et al. 2025), applying a more real-
istic ionizing flux distribution, a decreasing electron density law,
dust mixed with the ionized gas, and a filling factor, fz; = 0.73
(computational details can be found in Appendix B). The result-
ing value for fy+ is 0.35, leading to Qy = 2.09 x 10'? L (Ha) =
(1.8 £ 0.1) x 10* s~'. This must be considered as a lower
value, as the model describes a radiation-bounded nebula, with
a complete covering factor.

4. Results
4.1. Spatially resolved electron densities

The electron density maps in Fig. 5 show a similar overall struc-
ture for both measured line ratios, with higher densities around
150 cm™3 for n,([O11]) to 200 cm™ for n,([SI1]) in the central
region near the ionizing source. Both maps indicate a decrease
in density with increasing distances from the central ionizing
star HD 164492A to a minimum of around 30 cm™ for n,([O 11])
and 40 cm™3 for n,([S 11]). This negative radial gradient in den-
sity is also clearly visible in Fig. 6, showing the radial density
distribution, where the density minimum is reached at a dis-
tance of approximately 3—4 pc from the center. It can also be
seen that the electron density measured with the [O11] doublet
is systematically lower by approximately 10-50 cm™> than the
n.([S 11]) measurement, which can be explained by the fact that
the two diagnostics have different critical densities, leading to
small systematic offsets.
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Fig. 7. Maps of electron temperatures from different diagnostics. In all maps, the position of HD 164492A is marked with a grey star, while the
position of HD 164514 is marked with a white star. The extent of the measured Stromgren sphere (Sect. 3.4) is shown by a grey dashed circle.
Uncertainty maps corresponding to each temperature tracer are shown in Fig. D.3.

Table 1. Results of the integrated measurements together with the mean
values of the resolved calculations.

Property  Spectrum  Value Unit
n,([0O1]) Integrated 95+ 16 cm™3
Resolved 85 + 30
n.([S1]) Integrated 103 +7 cm™3
Resolved 97 + 37
T.(IN11]) Integrated 8805 + 909 K
Resolved 8541 + 382
T.([O11]) Integrated 7677 + 311 K
Resolved 8180 + 324
T.([S11]) Integrated 11207 1420 K
Resolved 10024 + 905
T.([Su1]) Integrated 9357 + 544 K
Resolved 9035 + 374
T.(He1) Integrated 11417 +£3292 K
12+log(O/H) Integrated 8.49 + 0.14
Resolved  8.47 +0.09
12+log(O*/H) Integrated 8.46 +0.15
Resolved  8.46 = 0.12
12+log(O**/H) Integrated 7.31 + 0.10
Resolved  7.38 + 0.27
Qo Integrated 1.8 +0.1 x 10% 57!

At larger distances, the overall [S1I] density seems to
increase again towards the outer edges of the LVM pointing, but
these values also have uncertainties larger than 100 cm™ (see
Fig. D.2). Because of a lower S/N in the [O11] lines, we do not
cover much of these fainter outer regions with the [O 11] density
measurement. Thus, the apparent increase in density might be
an artifact of large uncertainties in the outer regions, although
we cannot exclude a contribution from the reflection nebula,
which could affect the observed line ratios and mimic a density
enhancement.

The radial density variation in Fig. 6 shows a small increase
in densities around 1 pc away from the central star, for both
diagnostics. This increase is associated with a higher density
concentration (at RA ~ 270.61° and Dec ~ —23.07°) that is visi-
ble to the south-east of HD 164492A in Fig. 5. Another region of
enhanced electron density (at RA ~ 270.58° and Dec = —23.02°)
can be seen north-west and very close to the ionizing star in
Fig. 5, causing the highest density values of the most central part
in Fig. 6.
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Fig. 8. Radial variation of the electron temperatures (T,([N 11]) in dark
blue circles, T.([O 11]) in blue squares, T,([S 11]) in light blue diamonds,
and T,([S 111]) in blue crosses) as a function of the distance to the ioniz-
ing star HD 164492A. Faint points represent individual spaxels, while
opaque points show the uncertainty-weighted average of all spaxels
within 0.1 pc wide distance bins. Standard deviations are shown as error
bars. The extent of the measured Stromgren sphere (Sect. 3.4) is shown
by a grey dashed line together with the error as a grey shaded region.
The linear fits (slopes can be seen in Eq. (C.4)) to the single tempera-
tures are displayed as dashed lines together with the 30~ uncertainties as
shaded regions in the corresponding colors.

4.2. Spatially resolved electron temperatures

Spatially resolved maps of the electron temperatures measured
through different diagnostic line ratios can be seen in Fig. 7,
while uncertainties of these maps can be seen in Fig. D.3. In most
maps, no clear structures or radial gradients can be found; only
T,([S 111]) might give rise to a positive radial temperature gra-
dient, but the scatter and uncertainties across these outer edges
are also large (>1000 K, see Fig. D.3). On average, the mea-
sured T.([N11]) and T.([O11]) are lowest with mean values of
8541 + 382 K and 8180 + 324 K, respectively, while the T,([S 11])
values are highest with a mean of 10024 + 905 K. The measured
T,([S 111]) shows values in between the other diagnostics with a
mean electron temperature of 9035 + 374 K. All the mean val-
ues referenced here are reported in Table 1. Missing spaxels in
the maps, especially in the T, ([S 11]) distribution, result from low
S/N in the [S 11]24069 line, which leads to poor Gaussian fits that
were subsequently discarded (see Sect. 2). This effect occurs in
all temperature maps but is most pronounced for [S 11] due to the
weakness of the auroral line.

Looking at the radial electron temperature trends in Fig. 8,
the different temperature regimes of the diagnostics become even
clearer, with T.([O11]) < T (INTI]) < T.([StI]) < T.([ST11]).
To test their homogeneity, we also fitted linear functions to all
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Fig. 9. Left: maps of the O* (left) and O** (right) abundances. In both maps, the position of HD 164492A is marked with a grey star, while the
position of HD 164514 is marked with a white star. The extent of the measured Stromgren sphere (Sect. 3.4) is shown by a grey dashed circle.
Uncertainty maps can be seen in Fig. D.4. Right: radial variation of the oxygen abundances (O* in light blue diamonds, O** in blue squares and the
total O abundance in dark blue dots) as a function of the distance to the ionizing star HD 164492A. Faint points represent individual spaxels, while
opaque points show the uncertainty-weighted average of all spaxels within 0.1 pc wide distance bins. Standard deviations are shown as error bars.
The extent of the measured Stromgren sphere (Sect. 3.4) is shown by a grey dashed line together with the error as a grey shaded region. The linear
fit (slope can be seen in Eq. (C.5)) to the total oxygen abundance is displayed as a dashed line together with the 30~ uncertainty as a shaded region.

temperatures with a least-squares algorithm (resulting gradients
can be found in Appendix C). However, considering the uncer-
tainties per spaxel and the 30 confidence band from the fits
(shaded regions in Fig. 8) into account, which can be of the order
of 1000 K, especially at the outer edges, there is consistency
with a flat temperature distribution. Also, azimuthal variations
in electron temperatures are at maximum about the size of the
measurement uncertainties. Given that T,([S11]) is systemati-
cally higher than the other diagnostics, we interpret it as an upper
limit on the true electron temperature. The reason for this sys-
tematic overestimation could be an inaccurate sky subtraction
in the [S11]44069 line or an unresolved blending with the near
[0 11]24069.89 line.

Furthermore, we can directly estimate the amount of tem-
perature variations across the plane of the sky by using Eq. (12)
from Peimbert (1967), originally for a 3D nebula but here for the
2D projection of the sky plane,

2 _ (T [K] = To [KD)?)
Ch To[KP ®

where tgs is a parameter for temperature fluctuations
across the plane of the sky, Ty is the mean electron
temperature, and T, is the local electron temperature.
Applying this to the electron temperature gradients given
above, we calculate: tgs([NH]) = (85 + 12) x 1075,

2.([01]) = (8.6 = 1.0) x 107, £([S1]) = (4.3 + 0.6) x 107%,
and tf)s([S m]) = (2.0 = 0.2) x 107*. These values indicate
that the temperature fluctuations are very small, close to zero,
consistent with what is seen directly in the temperature maps

(see Fig. 7).

4.3. Spatially resolved oxygen abundance

Maps of the oxygen abundances and radial oxygen abundance
trends are presented in Fig. 9. It can be seen that the overall abun-
dance of O" is much higher than that of O**, indicating a low
level of ionization in the nebula. Moreover, the abundance of O**
shows a pronounced negative radial gradient with a higher abun-
dance of ~7.5 in the central regions, where we expect the high
ionization zone, and lower values ~7.0 in the outer regions. The
abundance of O exhibits the opposite trend, with values around

8.4 in the central region to abundances around 8.6 in the outer
region, where we expect the low-ionization zone. This behavior
of the O** and O* abundances neatly delineates the two ioniza-
tion zones of the Trifid Nebula: the high-ionization zone up to
a distance of around 1.8 pc from the central ionizing source and
the low-ionization zone at distances larger than 1.8 pc (see also
Fig. 9).

Analogous to the electron temperatures discussed in
Sect. 4.2, the total oxygen abundance was fitted with a lin-
ear function (resulting gradient can be found in Appendix C).
When considering both the 30 fit uncertainty and the typical
uncertainties of individual spaxels (approximately 0.1 dex, see
Fig. D.4), any positive radial gradient cannot be robustly estab-
lished. Azimuthal variations are also smaller than the measure-
ment uncertainties, further supporting a largely homogeneous
abundance distribution. The slight apparent trend may reflect
variations in the electron temperature used to determine the O*
abundance. While the electron temperature gradients were found
to be relatively flat within the uncertainties, here they could
contribute to the inferred metallicities ranging from 8.4 in the
inner regions to 8.6 in the outskirts. Such a difference cannot
be explained by dust depletion alone, which at solar metal-
licity accounts for only ~0.1 dex (Mesa-Delgado et al. 2009).
Overall, the total oxygen abundance appears approximately flat
and homogeneous across the nebula, and any apparent gradi-
ent should be interpreted with caution, particularly given the
uncertainties in T,([N 11]) and T, ([O 11]).

4.4. Integrated physical properties

Table 1 presents the results for the physical properties of the
integrated spectrum (see Sect. 3.3), alongside the mean values
from the resolved measurements. Both sets are compared directly
below.

Looking at the different measurements of the electron den-
sity, we can see that both views are consistent, given their
uncertainties. The electron temperatures from resolved and inte-
grated data match within 1o for all diagnostics. Using the
integrated spectrum, we were also able to calculate the helium
temperature T,(He I) = 11417 + 3292 K. While the nominal value
of this recombination line measurement is somewhat higher
than the integrated temperatures of T.([N11]), T.([O11]), and
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T,([S 11]), it is still consistent with those temperatures, given the
uncertainties. The HeA7281 line is well fitted, and no clear blend
is visible, although a minor contribution from a residual sky line
cannot be entirely ruled out, which could slightly increase the
measured flux and thus the derived temperature. Moreover, the
He 1 emission lines may be affected in cases where the assump-
tion of pure Case B recombination does not hold, as discussed
in Méndez-Delgado et al. (2025). Deviations from Case B con-
ditions can arise due to the absorption of He I photons by neutral
hydrogen, or as a result of general leakage of ionizing photons
from the nebular region. The integrated and mean value of the
resolved oxygen abundance are nearly identical with 8.49 + 0.14
and 8.47 + 0.09, respectively.

5. Discussion

Our IFU mapping reveals the full two-dimensional structure
of the nebula. Below, we discuss the fully recovered density,
temperature, abundance, and ionizing structures.

5.1. Density structure

Our spatially resolved electron density maps of the Trifid Neb-
ula provide one of the most detailed views to date of its internal
density structure, revealing both the expected radial gradient and
discrete, compact density enhancements, and, for the first time,
allowing a direct comparison between resolved and integrated
densities in this region.

The measurements of the electron densities, reflecting a line-
of-sight average of the single-ionized zone, show a negative
radial gradient as well as some discrete regions of enhanced
density (see Sect. 4.1). The inner double-ionized region remains
unprobed as it lacks a direct diagnostic. A negative radial den-
sity gradient was expected and also previously observed for other
compact HII regions (e.g., Binette et al. 2002; Osterbrock &
Ferland 2006; McLeod et al. 2016; Jin et al. 2023). There, clear
negative slopes between —45 and —850 cm™3/pc were measured
in Jin et al. (2023), while McLeod et al. (2016) reported slopes of
—2000 to —100 cm~3/pc and slopes in Binette et al. (2002) can be
as extreme as —2000 cm ™3 per 0.1 pc. Electron density slopes in
our measurements range between —50 and —20 cm™3/pc. Such
declining density profiles are consistent with expanding H 11
regions, where the ionized gas disperses the remnant molecular
material (Geen et al. 2015).

We identify two unresolved clumps of enhanced density. The
higher-density region south-east of HD 164492A (RA = 270.61°,
Dec =~ —23.07°, Fig. 5) is also seen in maps from Kuhn et al.
(2022), where a notably higher dust column density was mea-
sured compared to other regions in the nebula. This enhancement
spatially corresponds to the TC 2 molecular column (Hester et al.
2004; Rho et al. 2008), a large collection of molecular gas
exposed to ionizing photons. The resulting ionization produces
free electrons, which we detect as higher electron densities. A
similar mechanism could explain the high electron density north-
west of the ionizing star (RA ~ 270.58°, Dec ~ —23.02°, Fig. 5),
also reported as an obscured high-density region by Copetti et al.
(2000) and spatially associated with a dense dust concentration
(see Fig. 1). These compact, high-density structures probably
represent remnants of the original molecular cloud being eroded
by the advancing ionization front.

Overall, our measurements agree well with the literature’s
long-slit measurements, but provide a more complete and
comprehensive view of the nebula. Comparing the absolute
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values of electron density, Garcia-Rojas et al. (2006) measured
n([O11]) = 240 + 70 cm™3 and n,([S1I]) = 320 + 130 cm™>
close to the ionizing star. Moreover, Copetti et al. (2000) mea-
sured a median n,([S1I]) of 161 cm™ and a maximum of
around 330 cm™ using multiple long-slit positions also close
to the center of M 20. As both studies used long-slit observa-
tions very close to the central ionizing star (less than 0.14 pc
in distance, which is 0.10 pc lower than our spatial resolu-
tion), their results probe conditions in the immediate stellar
environment, whereas our integrated and mean resolved values
characterize a much more extended part of the nebula. The two
approaches, therefore, trace different spatial scales and are not
directly comparable. Instead, we will compare to the electron
densities we see closest to the long-slit position, with values of:
n,([O11]) = 216 + 33 cm™ and n,([S 11]) = 257 + 25 cm™>, which
are in the 1o range. A study by Rodriguez (1999) measured the
[S 11] electron density with three long-slit positions in the south-
east direction, farther away from the center. Their first slit posi-
tion is very close to the TC 2 molecular cloud and shows an elec-
tron density of 360 cm™3, where we reach in the corresponding
spaxel a similar value of n,([S 11]) = 359 + 37 cm™3. The second
long-slit was placed north-east of TC 2, measuring 120 cm™>.
There we measure a density of n,([S1]) = 157 + 19 cm3,
being in the 20" range. A third slit measured an electron den-
sity of 340 cm™ south of the ionizing star and south-west of
TC 2 inside a dusty filament, where we reach a much lower value
of n ([S1]) = 217 + 22 cm™> outside the 30 range. However,
Rodriguez (1999) did not provide uncertainties to their measured
values, limiting the comparison.

Assessing the impact of inhomogeneities on the integrated
measurement, we find no significant discrepancy between our
resolved and integrated density measurements in the Trifid Neb-
ula. Such a direct comparison is rare and provides a valuable
perspective on how local structures influence global nebular
diagnostics. The observed density distribution of M 20 is con-
sistent with evolving H II regions in a dense, clumpy molecular
environment. The combination of smooth radial gradients and
compact density peaks likely reflects ongoing photo-evaporation
and the gradual dissolution of the original molecular and dusty
structures.

5.2. Temperature structure

Our spatially resolved electron temperature measurements of
M 20 provide the first detailed two-dimensional view of ther-
mal conditions across the nebula, enabling a direct assessment of
temperature homogeneity, a resolved comparison with integrated
values, and a new spatial approach to estimating temperature
inhomogeneities using tgs.

Despite targeting potential temperature inhomogeneities, our
measurements of the electron temperature (see Sect. 4.2) reveal
remarkably homogeneous conditions without any significant
radial gradients. Compared to the more extended HII regions
typically targeted in extragalactic studies, a compact region
such as M 20 would be unresolved and easily blended with dif-
fuse ionized gas in the integrated spectra of external galaxies.
This also suggests that temperature inhomogeneities may not be
present, or at least not significant, in all types of H I regions.

Although outwardly increasing temperatures might be
expected due to the penetration of high-energy ionizing photons
into the outer regions of the nebula (Osterbrock & Ferland 2006),
the thermal balance is governed not only by heating but also
by spatially varying cooling processes. In particular, changes in
the ionization structure can substantially affect the local cooling
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rates. As aresult, only detailed photoionization models can deter-
mine whether the electron temperature increases or decreases
with radius. In the case of a model as described in Appendix B,
a slight outward increase in electron temperature is predicted.
The lack of a temperature rise at larger distances from the cen-
tral ionizing star may result from higher uncertainties (>1000 K,
see Fig. D.3) in the outermost spaxels. But, as mentioned above,
positive gradients in electron temperature are not crucial for H 11
regions and homogeneous temperatures are also measured e.g.,
four H1I regions in the Large and Small Magellanic Clouds (Jin
et al. 2023).

Now we compare our individual electron temperature mea-
surements to those reported in the literature, particularly focus-
ing on the work of Garcia-Rojas et al. (2006) and Rodriguez
& Rubin (2005). For the [N 11] temperature, Garcia-Rojas et al.
(2006) reported T ([N11]) = 8375 + 400 K close to the nebu-
lar center. Our measured value of T,([NII]) = 9351 = 597 K
is consistent within 20 Similarly, for [O11], Garcia-Rojas
et al. (2006) found T.([O1]) = 8275 + 350 K, while we
measure T,([O11]) = 8144 + 191 K, which is in agree-
ment within lo. For [S1i], Garcia-Rojas et al. (20006)
reported T.([S1I]) = 6950 + 350 K, while we measure
T.([S11]) = 8598 + 1435 K, which is in agreement within 2¢-. In
the case of [S 111], our measurement of T,([S 111]) = 9190 + 423 K
lies in the 20 range with the value of 8300 + 400 K reported by
Garcia-Rojas et al. (2006).

These discrepancies may arise from differences in obser-
vational data quality or analytical methodology. While LVM
spectra have a resolution of R ~ 4000, the long-slit spectra of
UVES, used in Garcia-Rojas et al. (2006), have R ~ 8800. Also
in their work, Garcia-Rojas et al. (2006) used an Ry = 3.1 and
a Seaton reddening law (Seaton 1979) while we use Ry = 5.5
and the modified Cardelli law (Cardelli et al. 1989; Blagrave
et al. 2007) as pointed out in Sect. 3.1. However, testing their
reddening setup on our LVM data does not cause a signifi-
cant change in the measured electron temperatures. Moreover,
an updated set of atomic data was used in our calculations. The
sum of these differences in the analysis could be responsible for
major differences between these studies. We also compare our
[N 11] temperature measurements to those reported by Rodriguez
(1999) at three different positions across the nebula. They report
T ([N 11]) = 8500, 8300, and 8600 K, while our corresponding
values are 8530 = 401 K, 8773 = 659 K, and 8646 + 404 K,
respectively. All of our measurements lie within the 1o~ range of
the values by Rodriguez (1999). However, Rodriguez (1999) did
not quote uncertainties, limiting a stricter comparison.

Using radio recombination lines, Khan et al. (2024) mea-
sured electron temperatures as a function of the galactocentric
radius and calculated a relation. Applying the galactocentric dis-
tance for M 20 of 6.79 kpc (Méndez-Delgado et al. 2022a), the
expected electron temperature would be 7269 + 1700 K. This
value is in 1o range with our resolved and integrated measure-
ments of T,([N11]) and T.([O11]), and still in 20~ range of our
measurements of T, ([S 11]), T.([S 111]) and T.(He 1) (see Sect. 4.2
and Table 1). For all electron temperature measurements, the val-
ues of integrated and resolved views are all close and within the
1o range.

Lastly, Garcia-Rojas et al. (2006) calculated, using different
methods, a 72 value between 0.017 + 0.010 and 0.049 + 0.019,
while most of our tf,s measurements are much smaller, and an
order of 107*~10>. While Garcia-Rojas et al. (2006) measured
the inhomogeneity 1> with different calculations of the electron
temperature from long-slit observations (as these temperatures

trace different physical zones within the nebula; see Sect. 1), we
can infer it more reliably by directly using measured temperature
gradients from spatially resolved LVM data across the plane of
the sky.

5.3. The impact of inhomogeneities on the metallicity

Our spatially resolved abundance analysis enables, for the first
time in M 20, a direct comparison between resolved and inte-
grated metallicity measurements. This reveals how local inho-
mogeneities, or their absence, impact abundance determinations
and provides new insight into the longstanding debate over gas
versus stellar metallicities.

A main goal of this study was to understand the influence
of density and temperature inhomogeneities on the measured
metallicity in unresolved, integrated H IT regions. Despite show-
ing no relevant temperature inhomogeneities, our resolved mea-
surements of the oxygen abundance seem to follow a slight
positive radial gradient. But due to uncertainties, the radial gra-
dient might be consistent with a flat profile. While our spatially
resolved analysis shows that the density variation exceeds the
temperature and abundance variations within M 20, the domi-
nant source of inaccuracy for metallicity calibrations in unre-
solved extragalactic regions is likely the variation in ionization
parameter and density structure (Kewley et al. 2019b; Méndez-
Delgado et al. 2023a). The integrated spectra mix emission from
high- and low-ionization zones as well as DIG, shifting strong-
line ratios away from single-zone calibration relations. However,
abundances measured with auroral line electron temperatures
can also be affected by temperature inhomogeneities, but for typ-
ical extragalactic strong-line methods the ionization and density
structure as well as DIG contamination drive the main systematic
uncertainties.

Compared to other studies, our resolved and integrated mea-
surements of the absolute oxygen abundance (8.47 + 0.09 and
8.49 + 0.14 respectively) are lower than the calculation of Garcia-
Rojas et al. (2006) which includes temperature inhomogeneities,
resulting in a total oxygen abundance of 8.67 + 0.03 (we only
take into account the O and O>* abundance measurements
to keep it most similar to our study). However, our measured
abundances match well with the homogeneous approach by
Garcia-Rojas et al. (2006), resulting in a total oxygen abundance
of 8.53 + 0.03. When we compare the total oxygen abundance
in the spaxel corresponding to the long-slit position of Garcia-
Rojas et al. (2006), our measurement is 8.39 + 0.08. This value
falls within the 20 range of their result using the homoge-
neous approach, but lies outside the 30 range when compared
with their inhomogeneous assumption. We can also compare our
results to the different long-slit positions of Rodriguez (1999).
In the first slit position, the combined O* and O%** abundance
is 8.22, which is outside the 30 range of our spaxel value of
8.44 + 0.05. The third slit position shows a similar oxygen abun-
dance of 8.20, while in the corresponding spaxel, we measure
again 8.44 + 0.05, which is also outside the 30~ range. Only in
the second slit position with a value of 8.32, we are measuring
8.38 + 0.08 and are within the 1o range. However, similar to
Sects. 4.1 and 4.2, Rodriguez (1999) did not give uncertainties
for their measurements, which limits a qualitative comparison.

Comparing our measured mean resolved and integrated
gaseous oxygen abundances to the stellar one of HD 164492A
(8.56 fg:?z, Martins et al. 2015), we find a good match between
both abundance measurements. However, as the abundance
measurement of O-stars is very difficult and leads to large
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Fig. 10. Oxygen abundance trend calculated from B V-stellar measure-
ments by Simén-Diaz et al. (2006); Nieva & Przybilla (2012); Braganc¢a
et al. (2019). The fit is illustrated by a grey dashed line, whereas the
shaded region indicates the 30~ uncertainty of the fit. Fits from Méndez-
Delgado et al. (2022a) for t> = 0 and t*> = 0.038 are shown as dark blue
dash-dotted and dotted lines, respectively. The position of the nebular
oxygen abundance of M 20 calculated in this work (8.49 + 0.14, from
the integrated view) is indicated by the black star.

uncertainties, we also present in Fig. 10 a relationship between
B-dwarf stellar abundances and the galactocentric radii. We used
this method as a second approach, besides the directly mea-
sured oxygen abundance of HD 16642A by Martins et al. (2015),
to gain another estimate of the expected stellar oxygen abun-
dance in the Trifid Nebula. Therefore, we used measured oxygen
abundances of BV stars by Simén-Diaz et al. (2006); Nieva &
Przybilla (2012); Braganca et al. (2019) and distances for these
objects as measured by Bailer-Jones et al. (2021). We fitted a lin-
ear relation to the distribution in an abundance-distance plane
and derived the following relationship,

12 + log(O/H) = (=0.04 + 0.01) [dex/pc] (dgy + 1.46) [kpc]

+(9.04 £0.11), 10)
where dg, is the galactocentric distance of the object. Using
Eq. (10), we derived for M 20 at a galactocentric distance of
6.79 +8 89 kpc (Méndez-Delgado et al. 2022a) an oxygen abun-
dance of 8.74 + 0.04. It can be seen that the estimated abundance
from B-dwarfs is over 0.2 dex higher than the one measured for
HD 164492A and M 20. In principle, the oxygen abundance in
massive stars (O and early B types) could be lower due to CNO-
equilibrium processing. Also, we lack abundance measurements
of BV stars at distances below 7 kpc, making the prediction
much harder. If the stellar oxygen abundance was indeed higher
than the measured gas abundance, this might suggest oxygen
depletion into dust, consistent with the prominent dust lanes
observed across M 20 (e.g., Fig. 1). Nevertheless, a discrepancy
of 0.2 dex exceeds the expected contribution from dust depletion,
which is limited to around 0.1 dex (Mesa-Delgado et al. 2009;
Simén-Diaz & Stasiniska 2011). For reference, the solar oxygen
abundance is 8.69 + 0.04 (Asplund et al. 2021), and it would be
reasonable to assume that M 20 appears slightly more metal-rich
than the Sun, given its location closer to the Galactic center.
When comparing our results to the oxygen abundance gra-
dients obtained through multiple Galactic H1I regions reported
by Méndez-Delgado et al. (2022a) (their Table 2 and Fig. 4),
we find good agreement with the gradient obtained assuming
= 0. Although our measurement of M 20’s oxygen abundance
hes outside the 1o range of the fit assuming 1> = 0.038, this latter
fit shows better agreement with the gradient derived from stellar
abundances.
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Interestingly, both the gas-phase and O-star abundances in
M 20 are relatively low compared with the Galactic gradient
traced by B-dwarfs and multiple H1I regions (e.g., Méndez-
Delgado et al. 2022a), as illustrated in Fig. 10. This raises
the questions of whether M 20 reflects a local region of lower
metallicity, potentially requiring an influx of relatively pristine
gas or retaining signatures of its initial, less enriched environ-
ment. And if in such compact, relatively quiescent HII regions,
we should not expect significant temperature inhomogeneities,
which would be consistent with the remarkably homogeneous
electron temperature we measure across M 20.

5.4. Exploring the ionization structure of M 20

Different approaches to estimating the amount of ionizing pho-
tons emitted by the central stellar source (see Sect. 3.4) yield
different values. The measured value (using the tailored model)
of O = (1.8 + 0.1) x 10 s7'is considerably higher than
Qo = 4.07 x 10*® 57! and Qp = 7.6 x 10*® s7!, the theoreti-
cal ionizing rates of an O 7.5V and an O 6.5V star, respectively
(Martins et al. 2005). Obtaining a lower Qg would require phys-
ical conditions that are considered unlikely for this system.
However, our measured value matches well with the ionizing
photon rate previously reported by Binder & Povich (2018) of
Qo = (1.5 +0.4) x 10 s~!. These discrepancies from the theoret-
ical ionizing rates may be attributed to several factors, as detailed
below.

The most straightforward interpretation of this discrepancy
is that the ionizing source, HD 164492A, is likely of an ear-
lier spectral type than the recent O 7.5V classification suggests.
The measured effective temperature by Martins et al. (2015)
of 38000 K leads to the assumption of an O 6.5V star, while
from our measurements, the ionizing flux is consistent with an
OS5V star (Martins et al. 2005). HD 164492 is also a complex
multiple system including O7V, B6V, A2Ia, and possibly a
Be star (Rho et al. 2004, 2006; Binder & Povich 2018), but
these additional stars contribute negligibly to the total ionizing
flux, as the earliest spectral type dominates by orders of magni-
tude (e.g., Ramachandran et al. 2019). Previous suggestions of
binarity for HD 164492A (Stickland & Lloyd 2001) could affect
the inferred spectral type, but searches for a companion remain
inconclusive.

Moreover, prominent dust lanes are observed across the
Trifid Nebula (Fig. 1), so inferring Qp from Ha under the
assumption of a dust-free nebula would underestimate the
true ionizing photon output (see Appendix B). Our CLOUDY
toy model suggests that the difference between the classi-
cal Stromgren radius and the observed nebular size can be
explained by the combined effects of dust opacity and den-
sity inhomogeneities. When compared to Kennicutt (1998), the
higher ratio of Qo/L(Ha) = 2.1 x 10'? erg™! obtained by the
model further highlights the influence of dust, while regions
with lower gas coverage may allow some ionizing photons to
escape, so the nebula may not be fully radiation-bounded in all
directions.

6. Conclusions

The Trifid Nebula (M 20), a compact, nearly spherical HI1
region, offers an ideal laboratory to study the internal physical
structure of a simple Stromgren sphere ionized by the mid-type
O-dwarf HD 164492A. Its simplicity in terms of ionizing struc-
ture, along with the presence of current star formation, makes
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M 20 a benchmark system for testing ionization and abundance
diagnostics.

We observed M 20 using the LVM as part of SDSS-V
(Perruchot et al. 2018; Kollmeier et al. 2019; Drory et al. 2024;
Blanc et al. 2024; Herbst et al. 2024; Kollmeier et al. 2025),
which provides wide-field integral field spectroscopy with a
resolution of R ~ 4000 across 3600-9800 A. With a spatial res-
olution of 0.24pc, we spatially resolved the ionized gas and
measured physical properties across the nebula.

Our spatially resolved measurements of the electron density,
temperature, and oxygen abundance reveal a detailed internal
view of the nebula. We identified a clear negative radial electron
density gradient and two distinct clumps of enhanced den-
sity, each spatially coincident with dusty or molecular features
(see Sect. 4.1). These structures likely result from interac-
tions between ionizing photons and dense gas, highlighting the
interplay between local environmental conditions and nebular
structure.

In contrast, electron temperatures seem remarkably uniform
across the nebula (see Sect. 4.2). This absence of a clear positive
temperature gradient, which is often (but not always) expected
from ionization theory, could be attributed in part to uncer-
tainties in the outermost regions. However, it also depends on
factors such as metallicity and the shape of the ionizing spec-
tral energy distribution. However, it is consistent with findings
in other homogeneous H1II regions (e.g., Jin et al. 2023). Our
spatially resolved approach allows us to estimate temperature
inhomogeneities using the > formalism (Peimbert 1967) directly
from the measured gradients, revealing significantly lower values
than those reported in long-slit studies.

When examining oxygen abundances, we find that resolved
and integrated measurements agree closely, with weak evidence
of a positive radial metallicity gradient (see Sect. 4.3). Our
measurements are consistent with other homogeneous analy-
ses in the literature (Garcia-Rojas et al. 2006; Méndez-Delgado
et al. 2022a) and lower than inhomogeneity-corrected estimates.
Furthermore, we compare our nebular abundance to the stellar
oxygen abundance of HD 164492A, finding general agreement.
However, when comparing to an extrapolated oxygen abundance
trend based on B-dwarfs, our derived oxygen abundance is about
0.2 dex lower than expected for the galactocentric distance of
M 20.

The ionization structure of M 20 appears to exhibit a higher
ionizing photon rate than would be expected from a single
075V star. This discrepancy likely reflects a combination of
factors, including a possible misclassification of the central
source HD 164492A, which may be an earlier-type or binary
system, or other modeling assumptions about the physical condi-
tions within the nebula. Our CLOUDY toy model further suggests
that dust opacity and density inhomogeneities play a significant
role in shaping the observed nebular size and ionization bal-
ance, indicating that M 20 is not fully radiation-bounded in all
directions.

Overall, this study demonstrates the power of spatially
resolved spectroscopy in disentangling the physical and chem-
ical structure of Galactic HII regions. Our results show that
integrated measurements can reliably trace average nebular
conditions. Yet, even in cases of simple geometry, resolved
maps reveal complex small-scale features and offer more
direct insights into the role of local inhomogeneities. With
the capabilities of LVM, we establish a framework for inter-
preting unresolved spectra of distant galaxies and for refining
abundance diagnostics through detailed benchmarking in nearby
star-forming regions such as the Trifid Nebula.
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Appendix A: Integrated emission line fluxes

In Table A.l, we give all the observed I(1) and red-
dening corrected F(Ad) emission line fluxes for the fully
integrated spectrum of M20 as calculated in Sect. 3.3,
together with the uncertainties. All fluxes are normalized to
the H8 = 100 with I(HB) = 1.60 x 10~ erg/s/cm? and
F(HB) = 1.16 x 1078 erg/s/cm?.

Table A.l: Fluxes for various emission lines of the fully integrated
spectrum used in this work.

Line [A] Ton 1() F) Error [%]
3727 [O1]  96.012  135.443 1.2
3729 [Om]  129.775 183.008 0.9
3771 H1 1.599 2.236 37.2
3835 HI 3.21 4.43 15.1
4069 [S] 1.964 2.544 16.7
4076 [S1] 0.439 0.567 55.5
4102 H1 19.694  25.249 1.6
4340 H1 38.871 46.11 1.0
4861 HI 100.0 100.0 0.1
5007 [OmI] 47456  45.401 0.5
5755 [N1I] 1.272 0.996 224
6312  [Sui] 1.294 0.887 14.1
6563 HI 397.338  256.899 5.7
6584 [N] 145.697 93.746 16.3
6678 He1 3.892 2.451 0.8
6717 [Suo] 49362  30.802 0.3
6731 [St1] 36.813 22.897 0.3
7281 He1 0.833 0.457 26.6
7320 [O11] 3.203 1.741 9.8
7330 [O11] 2.658 1.442 12.0
9229 H1 5.328 1.958 2.3
9531 [S 1] 109.6 38.347 1.2

Columns from left to right: Wavelength A of the emission line in A;
Corresponding ion; Observed flux /(1); Reddening corrected flux
F(4); Uncertainty of the reddening corrected flux in percent.

Appendix B: Modeling details for the Cloudy toy
model of M 20

The photoionization model for M 20 is obtained using the latest
version of CLOUDY (v25.00, see Gunasekera et al. 2025). A first
sanity-check model is run without dust or filling factor, with a
Black Body as ionizing source, at Tesr = 37500 K, with Qy = 10
s~!, and a constant hydrogen density set to 100 cm ™~ and an inner
radius of 3 x 10'7 cm (which leads to a rather filled sphere geom-
etry). The model stops at a radius of 2.75 pc, the value obtained
from the classical Stromgren radius definition from Eq. (3),
using n, = 106 cm™> and T, = 7115 K. The corresponding value
for L(Ha) is 1.26 x 10°7 erg/s, and Qy/L(Ha) = 7.9 x 10'! erg™!,
close to the value of Qy/L(Ha) = 7.32 x 10" erg”! derived
in Eq. (7), the departure is mainly due to the way CLOUDY
computes L(Ha).

When predicting the outer radius of a more complex nebula,
several additional effects must be considered: dust can compete
with neutral hydrogen (H®) in absorbing ionizing photons, which
reduces the size of the ionized region. Conversely, a filling factor

smaller than 1.0 tends to increase the apparent size of the ionized
region. Furthermore, the ratio Qy/L(Ha) is also affected by the
presence of dust.

A more complex model is therefore run, where the ioniz-
ing spectrum is taken from a FASTWIND model (Santolaya-Rey
et al. 1997; Puls et al. 2005) extracted from the pyStarburst99
library (Hawcroft et al. 2025). An O-star at solar metallicity
with Terr = 37500 K is chosen. Its luminosity is defined by set-
ting Qp = 1.8 x 10* s7! to reproduce the observed flux of Ha
(see Sect. 3.4). The hydrogen density is set to decrease with the
radius from 200 to 50 cm™>. An inner radius of 3 x 107 cm is
set, to have the filled sphere expected from the spatial profile
of the emission line shown in Fig. 4. A filling factor of 0.73
is used to let the outer radius reach a value of 3.06 pc, very
close to the observed value (see Sect. 3.4). The abundance set
is taken from Nicholls et al. (2017) based on log(O/H) = -3.36,
with depletion. Grains are taken into account using the CLOUDY
grains ism command. This model aims to reproduce the princi-
pal characteristics of the nebula, mainly its global emission of
Ha and its size and temperature, but not trying to fine-tune the
parameters to reproduce all the observables exactly. The model
predicts L(Ha) = 8.7 x 10°° erg/s, close to the observed value
(see Sect. 3.4). The mean temperature of H* is 8355 K, very
consistent with the electron temperature reported in Table 1. The
temperature is actually almost constant within the nebula, with
an increase (800 K) in the very inner and outer regions.

The ratio between the rate of ionizing photons and the lumi-
nosity of the nebula is Qo/L(Ha) = 2.1 x 10'? erg™'. This
value is greater than Q¢/L(Ha) = 7.32 x 10!! erg™! obtained
from Eq. (7), mainly due to the presence of dust in our model.
The actual ratio may be slightly higher if the nebula is par-
tially matter-bounded in some directions. This results from the
[O 1]26300 emission being unconstrained in our data, but the
model predicts an intensity of 0.024 HB. However, the strong
observed [S 1I] emission indicates that most regions of the neb-
ula are close to the recombination front, implying that it is largely
ionization-bounded overall.

A dust-free model is also computed with the same density
law, chemical composition, and ionizing spectral energy distri-
bution (SED). To fit the values of L(Ha) and the outer radius
R, the stellar luminosity and filling factor must be tuned to
Qo = 6.9 x 10¥s7" and fin = 0.7. This illustrates the impor-
tance of dust in the absorption of ionizing SED (here, 60% of
the ionizing SED is absorbed by dust) and in the relationship
between L(Ha) and Q.

Our Cloudy toy model was designed to reproduce the observ-
ables directly relevant for estimating the ionizing photon rate,
Qo, namely the He luminosity, the electron temperature, and the
Stromgren radius. Although metallicity and ionic abundances
do influence the detailed excitation structure of the nebula, rea-
sonable variations in chemical composition do not significantly
change these predictions. The model does not aim to reproduce
all line ratios because doing so would require a fully constrained
ionizing SED, a detailed density structure, and assumptions
about the dust content, which go beyond the scope of this work.
However, the simplifications of our toy model do not affect our
determination of Qg or the conclusions drawn from it.
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Appendix C: Fitted temperature and abundance
gradients

The temperature gradients obtained from the linear fits (see
Sect. 4.2) are

T.([O11]) [K] = (=77 + 49) [K/pc] (d + 0.7) [pc]

+ (8212 + 63) [K], (C1)
T.(INT11]) [K] = (=79 £ 82) [K/pc] (d £ 0.7) [pc]

+ (8666 + 104) [K], (C2)
T([S 1]) [K] = (168 + 68) [K/pc] (d = 0.7) [pc]

+ (8884 + 77) [K], (C.3)
T([Su]) [K] = (11 +£261) [K/pc] (d + 0.7) [pc]

+ (10156 + 326) [K], (C4)

where d is the radial distance to the central ionizing star
HD 164492A. The corresponding oxygen abundance gradient
derived from a linear fit (see Sect. 4.3) is

12 + log(O/H) = (0.07 + 0.01) [dex/pc] (d + 0.7) [pe]
+(8.35+0.01). (C.5)

Appendix D: Uncertainties of resolved physical
properties

In Figs. D.1 to D.4, we present the uncertainty maps for dust
extinction (Fig. 3), electron densities (Fig. 5), electron tempera-
tures (Fig. 7) and oxygen abundances (Fig. 9). The uncertainties
for electron densities, electron temperatures, and oxygen abun-
dances were derived from Monte Carlo Simulations as explained
in detail in Sect. 3. While the uncertainty of the dust extinction
was derived as the standard deviation of all calculated correc-
tion factors derived from the various hydrogen line ratios (see

Sect. 3.1).
o % HD164492A
% Y HD164514
° —T 0.5
—22.8
L0.4
—22.9 1
= 0.3
g T
o —23.01 )
a 029
—23.1 1
0.1
—23.2 1 0.0

270.8 270.7 270.6 270.5 270.4
RA [deg]

Fig. D.1: Uncertainties of the dust extinction map shown in Fig. 3. The

position of HD 164492A is marked with a grey star. The extent of the
measured Stromgren sphere (Sect. 3.4) is shown by a grey dashed circle.
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