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Abstract

Observing giant HII regions at fine spatial scales uncovers detailed structures and reveals variations in ionization,
abundance, and dynamical properties of ionized gas and the effect of stellar feedback. Using emission-line data of
M33 observed with SITELLE as part of the Star-formation, Ionized Gas, and Nebular Abundances Legacy Survey
(SIGNALS), we present maps of the principal optical emission-line ratios for NGC 604, the most luminous
H II region in M33. The excitation maps align well with the Ha morphology and are clearly related to the location of
the central stellar cluster and secondary stellar groups. The maps of ionization-sensitive line ratios show substantial
variations across the face of NGC 604. We demonstrate that these variations are unlikely to be due to chemical
inhomogeneities but are primarily caused by changes in ionization, which in turn affect the observed line ratios. We
present the Ha kinematics of the region and connect it to the excitation structure, showing how the dynamic motions
influence the spatial distribution of ionized gas. We note two distinct sources identified in these excitation maps: a
known supernova remnant and a previously unknown planetary nebula. Such parsec-scale features contribute only a
small percentage to the overall light and would remain undetected without the use of high-resolution spatial data.
Throughout the paper, we make comparisons to and raise concerns about single-aperture and long-slit spectroscopic
measurements of giant H1I regions, highlighting the limitations and potential inaccuracies of such methods.

Unified Astronomy Thesaurus concepts: H 11 regions (694); Interstellar medium (847); Spectroscopy (1558);
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Photoionization (2060)

1. Introduction

Extragalactic giant HII regions (GHIIRs) in the nearby Uni-
verse provide an excellent laboratory for studying star formation
processes, the evolution of massive stars, and the properties of
the surrounding interstellar medium (ISM). To deduce these
properties, emission-line spectra are typically used to extract
information from individual regions and to study the variation
of these properties across multiple H II regions within a galaxy.
Such physical properties include the gas conditions (electron
temperature and density) from which chemical abundances and
ionization conditions are estimated, as well as stellar properties
(masses, ages, and effective temperatures). These results con-
stitute the main body of knowledge regarding the evolution of
disk galaxies (e.g., L. H. Aller 1942; L. Searle 1971;
H. E. Smith 1975; B. E. J. Pagel et al. 1979; A. 1. Diaz et al.
1987; J. M. Vilchez et al. 1988; H. L. Dinerstein 1990;
R. C. Kennicutt 1998; L. van Zee et al. 1998; E. Rosolowsky &
J. D. Simon 2008; D. A. Berg et al. 2015).

In many cases, these emission-line spectra are obtained from
single-aperture or long-slit measurements of the most intense
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knots of any given region. Physical properties are then esti-
mated under the assumption that the obtained emission-line
spectrum is representative of the entire H I region and that any
variations are minimal or nonexistent. Unfortunately, realistic
HTI regions are far from the idealized spherical ionized gas
clouds with homogeneous physical properties, as can clearly
be seen in detailed studies of the nearest Galactic and extra-
galactic H1I regions, e.g., the Orion Nebula (R. C. Kennicutt
et al. 2000; S. F. Sanchez et al. 2007; K. Kreckel et al. 2024),
30 Doradus (J. S. Mathis et al. 1985; R. C. Kennicutt et al.
2000; K. Fahrion & G. De Marchi 2024), and NGC 604
(R. M. Gonzélez Delgado & E. Pérez 2000; J. Maiz-Apelldniz
et al. 2004), among others.

The limitation of this assumption has long been recognized
(e.g., A. L. Diaz et al. 1987; R. H. Rubin 1989; H. O. Castafieda
et al. 1992), but technological limits or constraints on obser-
vation time have historically precluded progress. A simple
solution that has been employed in the past is to sweep an H1I
region using multiple slits located at different positions,
attempting to cover as much surface area as possible (e.g.,
G. Kosugi et al. 1995; J. Maiz-Apelldniz et al. 2004). How-
ever, interpolations are necessary to cover the gaps between
slits. Another approach has been the use of narrowband pho-
tometry centered on particular emission lines, which, when
combined with narrowband photometry of the continuum,
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results in pure emission-line images (e.g., A. E. Watkins et al.
2017; R Garner et al. 2022). However, these filters are often
~100 A wide and blend emission lines together, such as those
around Ha. An obvious modern solution is to use integral field
spectroscopy (IFS; J. Allington-Smith 2006) where the use of
integral field units (IFUs) allows for the simultaneous extrac-
tion of spatial and spectral information (e.g., M. Relafio et al.
2010; S. F. Sanchez et al. 2012). The drawback is the small
field of view (FOV), which unfortunately makes very near
targets time-expensive as they would require multiple point-
ings to cover them effectively (although see the SDSS Local
Volume Mapper for some promising results; N. Drory
et al. 2024).

Of particular interest to this work is imaging Fourier trans-
form spectroscopy (iFTS; see J. P. Maillard et al. 2013 and
L. Drissen et al. 2014 for reviews). This observational tool has
several benefits compared to IFS. For instance, iFTS has a much
larger FOV than an IFU at a fraction of the cost and complexity
but at the expense of a shorter spectral coverage and lower sen-
sitivity for continuum and absorption-line sources. As such, these
are valuable tools for studying emission-line sources such as H1I
regions (L. Rousseau-Nepton et al. 2018; F. Bresolin et al. 2025;
D. Fernandez-Arenas et al. 2025; S. K. Sarbadhicary et al. 2025),
supernovae remnants (SNRs; S. Duarte Puertas et al. 2024), and
planetary nebulae (S. Vicens-Mouret et al. 2023).

We present here iFTS observations of NGC 604 collected
with the Spectro-Imageur a Transformée de Fourier pour
I’Etude en Long et en Large des raies d’Emission (SITELLE;
L. Drissen et al. 2019) as part of the Star-formation, Ionized
Gas, and Nebular Abundances Legacy Survey (SIGNALS;
L. Rousseau-Nepton et al. 2019). NGC 604 is the most lumi-
nous GHIIR in M33 (NGC 598) and the second-most luminous
in the entire Local Group. NGC 604 presents an angular size of
~1!6 and given the large FOV of SITELLE (11’ x 11’), we
cover the entire region in a single observation. Additionally, at
the distance of M33 (840 kpc; W. L. Freedman et al. 1991;
A. Savino et al. 2022) and an average seeing of ~0”8 results in
a high physical resolution of ~3 pc, allowing us to investigate
fine spatial variations in its physical properties.

NGC 604 has an Ha core-halo morphology that shows the
impact of the stellar winds of massive stars located in its
interior. Unlike in 30 Doradus, where the stars are centrally
concentrated, these stars are spread over a large projected area
(~1 x 10*pc? for cluster A in D. A. Hunter et al. 1996) in a
structure called a scaled OB association (J. Maiz-Apellaniz
et al. 2004). The ionizing stellar cluster is composed of a
population of at least 200 O-type and Wolf—Rayet (WR) stars
(L. Drissen et al. 1993, 2008; D. A. Hunter et al. 1996) with an
age of ~3Myr (D. A. Hunter et al. 1996; R. M. Gonzilez
Delgado & E. Pérez 2000) on top of an underlying older stellar
population of age ~12 Myr (J. J. Eldridge & M. Relafio 2011).
Photoionized shells and filaments surround this stellar cluster
(Figure 1). Previous studies have estimated that the energy of
the stellar wind is sufficient to form the central region (e.g.,
G. Tenorio-Tagle et al. 2000; J. Maiz-Apellaniz et al. 2004;
R. Tiillmann et al. 2008), while contributions from SNRs
expand it into the halo structure (e.g., H. Yang et al. 1996).

Most studies of NGC 604 employ long-slit spectroscopy or
Fabry-Pérot observations to analyze the complex kinematics of
the gas (e.g., N. S. P. Sabalisck et al. 1995; C. Muiioz-Tufién
et al. 1996; H. Yang et al. 1996; G. Tenorio-Tagle et al. 2000).
However, very few studies have analyzed the chemical
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composition and ionization structure of the region. J. M. Vilchez
et al. (1988) obtained an electron temperature of 7, ~ 8000 K,
an electron density consistent with the low-density limit,'* and
an oxygen abundance of 12 4+ log(O/H) = 8.51 + 0.03,
confirmed by N. S. J. Rogers et al. (2022). J. Maiz-Apelldniz
et al. (2004) analyzed the excitation properties using multiple
long-slit measurements across the face of NGC 604 and found
a central excitation structure powered by the main stellar
cluster surrounded by secondary excitation pockets produced
by smaller stellar groups. Although they were able to produce
maps of the common excitation-sensitive emission-line ratios,
they lacked coverage of the blue [OII]JA3727 lines, which
would have allowed for a more comprehensive analysis of the
ionization and chemical composition.

In this paper, we analyze iFTS observations covering the
whole face of NGC 604. We organize this paper as follows. In
Section 2, we briefly describe the observations and data
reduction. In Section 3, we coadd our data to produce an
integrated spectrum of NGC 604. From this spectrum, we
make estimates of the star formation rate (SFR), mass, total
ionization, and oxygen abundance using strong-line methods.
Section 4 presents our spatially resolved maps, in which we
estimate the dust extinction, density, excitation, ionization, and
oxygen abundance properties of NGC 604 using commonly
employed strong-line ratios. In Section 5, we briefly present
maps of the velocity and velocity dispersion and connect it to
excitation mechanisms in the previous section. Finally,
Section 6 summarizes the importance of spatially resolved data
in the context of NGC 604, and we present our conclusions in
Section 7.

Throughout the text, we use several emission lines and
their ratios to unravel the physical parameters of NGC 604.
We use the following abbreviations for some of the frequently
mentioned emission lines. We denote [NIIJA6584, [STI]
AN6717,6731, [OTIJAS007, and [O1JA3727 as [N1I], [S1],
[O 1], and [O11], respectively, unless otherwise noted.

2. Observations and Data Reduction

We obtained the data cubes analyzed in this paper in 2017
September and October with the iFTS SITELLE (L. Drissen
et al. 2019) at the Canada—France—Hawaii Telescope (CFHT).
SITELLE provides the spatially resolved spectra of sources in an
11’ x 11’ FOV with a sampling of 0”32 pixel ' in three band-
passes: SN 3 (647—685 nm, with a spectral resolution R = 2900),
SN 2 (482-513 nm, R = 1020), and SN 1 (363-386 nm, R = 1020).
NGC 604 is located in Field 1 of the dataset used to study WR
nebulae (S. Tuquet et al. 2024) and SNRs (S. Duarte Puertas et al.
2024) in M33. We refer the interested reader to these papers for
more information on the data, but summarize the data collection
and reduction process here.

The raw data, which consists of two complementary 2D
interferograms, were transformed into a single fully calibrated
spectral data cube with ORBS, SITELLE’s dedicated data
reduction software (T. Martin et al. 2015). Photometric calibra-
tion is secured from images and data cubes of the spectro-
photometric standard stars G93-48 and GD71, supplemented by
a comparison with the low-resolution spectra of two dozen stars
observed with Gaia (Gaia Collaboration et al. 2016, 2023)

12 This is where the [S 11] line ratio asymptotes to a fixed value, below which
the line ratio is no longer sensitive to electron density. This corresponds to an
[SH]ratio of =~1.45 and an electron density of n, < 100 cm ™
(D. E. Osterbrock & G. J. Ferland 2006).
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Figure 1. Left panel: SITELLE’s deep image of NGC 604. For each pixel, the information from all three filters were summed: SN 1 (blue), SN 2 (green), and SN 3
(red). Middle panel: an RGB image showing only the gas emission lines [O I1]A3727 (blue), [O HIJAS007 (green), and Hav (red). Right panel: the same image as in
the middle panel with particular features annotated. The outer red contour defines NGC 604 as is used for the integrated spectrum and corresponds to a flux level
of 2 x 107" ergs™' cm ™2 The green contours define a known supernova remnant (SNR) and a point source (see the text for details). Bubbles noted by
J. Maiz-Apelldniz et al. (2004) are marked with letters. The red crosses are the sites of Wolf-Rayet (WR) stars and OB stars from L. Drissen et al. (2008) and
F. C. Bruhweiler et al. (2003), respectively. The green cross near the point source is a star detected in near-infrared imaging by C. Farifia et al. (2012). The coordinate

system is the offset from the center coordinate 1h34m33511, +30°47'6"8. North is up, and east is to the left.
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Figure 2. The integrated spectrum of NGC 604 with the apparent strong lines indicated. The black line represents the spectrum, while the red line is the fit performed
by ORCS using a sinc-Gaussian function. The black line below the fit is the fit residuals. Please note the changing wavelength along the broken x-axis.

present in the same field. Wavelength calibration is performed
using a high spectral resolution laser data cube, which is
improved by measuring the centroid positions of the night sky
OH emission lines in the SN 3 filter, following the procedure
described in T. B. Martin et al. (2018). The barycentric correc-
tion was also applied to the observed spectra. We estimate the
uncertainty on the relative velocity in the SN 3 data cube across
the entire FOV to be <2 km s~ (see also T. Martin et al. 2021).

Spectral data from SITELLE shows (Figure 2) that each line
is surrounding by oscillating sidelobes, alternating between
positive and negative values. This is because, as described by
T. B. Martin et al. (2016), SITELLE’s instrument line shape
(ILS) is a sinc function. However, any line broadening caused
by turbulent motion, an expanding bubble, or a velocity gra-
dient along an extended aperture will transform the natural ILS

into a sinc-Gaussian function, the convolution of a sinc and a
Gaussian function. ORCS, SITELLE’s analysis software suite
(T. B. Martin et al. 2016), is thus used to fit the observed line
profiles for each pixel to produce maps or single values of line
intensities, radial velocity, and velocity dispersion as well as
their uncertainties.

ORCS simultaneously fits all of the lines within a given data
cube, but allows the user to either force identical velocities and
velocity dispersions for all of the lines, to let them be com-
pletely independent of each other, or to select groups of lines
with the same values. The maps and integrated spectra pre-
sented here were obtained with the first option. To produce the
2D maps, we chose to subtract a common background to all
pixels in a given cube, selected from a region without any
obvious nebular contribution.
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3. Integrated Properties

Before discussing the emission-line maps of NGC 604, we
first analyze the spectrum for the entire H Il region. To extract
the spectrum, we define a custom region around NGC 604
above an Ha flux level of 2 x 107" erg s 'em ™2 ie., the
outermost red contour in Figure 1. We chose this flux level to
encompass both the bright core of NGC 604 and most of the
diffuse halo. We apply this region to each of our three data
cubes, extracting and coadding the signal from each of the
~61,870 pixels across an area of 1.825 arcmin? to produce the
integrated spectrum.

Figure 2 shows the integrated spectrum with its strong optical
emission lines in black. We fit the emission lines using ORCS
and a sinc-Gaussian function, tying the velocities of emission
lines in each data cube. The resulting fit is shown in red with the
residuals below in black. While the SN 1 and SN 2 data are fit
well, there are strong residuals around the Ha and [NII]
AN6548,6584 lines in the SN 3 data cube. This is likely due to
the way the data was collected: the SN 1 and SN 2 data cubes
were obtained in a single night, but the SN 3 cube was split
across three separate nights. We suspect this introduced a small
error in the optical path difference in the interferometer,
mimicking a phase error and thus producing the asymmetric line
shape. The impact of a phase error on the ILS and the resulting
flux was studied by T. Martin et al. (2021; see their Appendix
A, Equation (A3), and Figure Al). The observed asymmetry is
akin to a phase shift of ~ 7/6, resulting in a flux error of 3%-—
4%. Incorporating the phase shift still leaves strong residuals,
and these are likely caused by multiple unresolved velocity
components, motivating a follow-up campaign to observe
NGC 604 at higher resolution (see also Section 5).

Table 1 lists the emission-line fluxes derived from a fit,
using a phase-shifted sinc-Gaussian function for the SN 3 data
cube and a standard sinc-Gaussian function for the SN 1 and
SN 2 data cubes, normalized to the observed flux of HFin
units of 1 x 10 "% ergs ' cm 2. The associated 1o errors are
solely due to the statistical uncertainty in the measurement of
the line fluxes. We checked the robustness of these fits by
checking the observed line ratios of [O III]A5007/24959 and
[N I]A\6584 / A6548, which should be 2.89 and 2.94, respec-
tively, using the transition probabilities of C. Froese Fischer &
G. Tachiev (2004) and the collision strengths of S. S. Tayal
(2011) for N* and P. J. Storey et al. (2014) for O*". While the
[O 111] line ratio matches the predicted ratio within the uncer-
tainties, the [NII] ratio did not. This is likely caused by the
combination of the phase error and multiple unresolved velo-
city components. Due to the resolution of the SN 3 data cube
(R ~2900), instead of fitting multiple components, we elect to
fix the [N1I]line ratio to the theoretical value. The data
reported in Table 1 reflects this decision.

We corrected the observed line fluxes for reddening using
the Balmer decrement according to the D. Calzetti et al.
(2000) extinction curve, assuming Ry=3.1. We assume
Case B recombination (7,=1x 10"*K, n,=1 x 10*cm>;
D. E. Osterbrock & G. J. Ferland 2006) and an intrinsic Balmer
decrement of Ha/HB=2.86 using the atomic data of
P. J. Storey & D. G. Hummer (1995) while dereddening the
observed fluxes. Table 1 also shows these reddening-corrected
emission-line fluxes for the integrated spectrum. Our derived
dust extinction of Ay~ (0.3 is consistent with the values reported
by J. Maiz-Apelldniz et al. (2004; 0.24 mag) and M. Relaio &
R. C. Kennicutt (2009; 0.37 mag).

Garner et al.

Table 1

Integrated Line Fluxes for NGC 604
Line Observed Corrected
[O I]A3727 3.040 + 0.067 3.398 + 0.468
Hp \4861 1.000 £ 0.018 1.000 £ 0.116
[O 1] \4959 0.551 £+ 0.014 0.546 £ 0.063
[O 1I]A5007 1.576 £+ 0.026 1.558 £ 0.177
[N ]A6548 0.171 £+ 0.018 0.153 £+ 0.022
Ha X6563 3.198 + 0.090 2.859 + 0.288
[N 1]A6584 0.502 £+ 0.052 0.448 + 0.063
[S IA6717 0.331 £ 0.057 0.294 + 0.056
[STIA6731 0.233 £+ 0.057 0.207 £ 0.054
F(HpP) \861 9.900 £ 0.130 13.648 £+ 1.121
EB —-V) 0.096 + 0.024
Ay 0.295 £ 0.075

Note. The first column corresponds to the emission-line identification. The
second column reports the observed line fluxes normalized to the observed,
background-corrected HQ flux, while the third column reports the reddening-
corrected line fluxes normalized to the reddening-corrected H3 flux. The HG3
fluxes are in units of 1 x 10712 erg s~ em™2. In the case of the [N 11] lines,
these have been fixed to their theoretical ratio of 2.94 (see the text).

3.1. Star Formation Rate and Mass

Our measurement of the Ha flux allows us to estimate the
SFR of the entire region and compare it against other SFRs
derived in the literature. In order to determine the SFR from
the extinction-corrected Har flux, we first convert it to an
equivalent Ha luminosity assuming a distance of 840 kpc
(W. L. Freedman et al. 1991) and apply the calibration of
E. J. Murphy et al. (2011):

SFR [M., yr~1] = 537 x 10~#Ly,. (1)

This calibration assumes solar metallicity and a P. Kroupa
(2001) initial mass function (IMF) for a continuous mode of
star formation at equilibrium.

Our observed background-corrected Ha luminosity of
NGC 604 is (3.295 £ 0.192) x 10** erg s, in good agreement
with measurements using Hubble Space Telescope (HST) Ha
imaging (R. C. Kennicutt 1984; E. Churchwell & W. M. Goss
1999; R. M. Gonzilez Delgado & E. Pérez 2000; G. Bosch
et al. 2002; M. Relaiio & R. C. Kennicutt 2009). This lumin-
osity is comparable to the total Ha luminosity of 30 Doradus
(Lo, = 5.13 x 10*° erg s~ R. C. Kennicutt & P. W. Hodge
1986). The observed Ha luminosity corresponds to an SFR
of 0.018 4+ 0.001 M, yr—'.

We also calculate the total number of ionizing photons
required to produce the observed Ho luminosity and compare
that to models of the number of Lyman continuum photons
produced by a given stellar type. The minimum number of
ionizing photons required to power an H Il region is related to
the Ha luminosity by

Qols™'1 = (7.31 x 10" erg~ "Ly, 2)

under Case B recombination (D. E. Osterbrock &
G. J. Ferland 2006). This results in an ionizing photon rate
of log Oy = 51.38 £ 0.03. This is equivalent to approximately
130 O5V stars, 90 OSIII stars, or 60 OSI stars (F. Martins
et al. 2005). This is also similar to previous measurements
(51.5; R. C. Kennicutt 1984).

Observationally, the ionizing stellar cluster is composed of
at least 200 O-type stars (D. A. Hunter et al. 1996) and some
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number of WR stars (S. D’Odorico & M. Rosa 1981; M. Rosa
& S. D’Odorico 1982; A. 1. Diaz et al. 1987; L. Drissen et al.
1993, 2008). Of these stars, there are only 40 OB stars and
approximately 10 WR stars with accurate classifications
(F. C. Bruhweiler et al. 2003; L. Drissen et al. 2008). Using
these classifications and the ionizing fluxes presented by
F. Martins et al. (2005; O-types) and L. J. Smith et al. (2002;
B-types and WR stars), we calculated a total ionizing flux from
the observed stars of log Qs = 50.72. Thus, the currently
classified stars account for only ~22% of the necessary
ionizing flux to produce the Ha emission we observe. How-
ever, the number of stars with accurate classifications is only
25% of the total number of O-type stars (D. A. Hunter et al.
1996). It is possible that the stars missing classification make
up for the missing ionizing flux.

The most common luminosity-based technique used in the
literature to estimate ionized gas masses is based on the
luminosity of H3 and assumes that the emission is dominated
by recombination and neglects other emission processes. This
is essentially “photon counting” and allows for the recombi-
nation coefficient to relate the number of photons to the
number of hydrogen atoms, and thus the ionized gas mass, i.e.,
MypoxL/n,. We utilize the expression derived by
M. Revalski et al. (2022),

L off
My = [ 22 (—m”’ “). ©
]Hf} np,eff

Here, Ly is the luminosity of the H3 emission line, and jyz is
the emissivity of HG. The emissivity has a mild dependence on
the electron temperature and electron density of the gas
(D. E. Osterbrock & G. J. Ferland 2006). For the electron
temperature, we take the mean value obtained by C. Esteban
et al. (2009), T, = 8680 £ 200 K. For the electron density, we
use an upper limit of 10 cm > since the measured [S II]\6717 /
[SmA6731 of ~1.45 lies within the low-density limit
(D. E. Osterbrock & G. J. Ferland 2006). We use PyNeb
(V. Luridiana et al. 2015) and the atomic data of P. J. Storey &
D. G. Hummer (1995) to calculate the emissivity under these
conditions, finding that jiy3= (1.394 & 0.028) x 10 ergem’®s ™.

Meanwhile, the other quantities in Equation (3) are the
effective hydrogen mass, my, e = pm,~ 1.4m,, and the
effective electron density, 7, ¢~ 1.1n,, both of which take
into account elements other than hydrogen. Substituting these
quantities into Equation (3) gives a total ionized gas mass for
NGC 604 of (8.9+0.7) x 10° M. This is in excellent
agreement with the mass estimated by R. C. Kennicutt (1984)
of 7x10° M. In the latter, they assumed a spherically
symmetric shell model to estimate the emission measure.
While NGC 604 is clearly not a sphere (Figure 1), our agree-
ment shows the robustness of this method to estimate gas
masses.

Of the two observed quantities in Equation (3), the electron
density is the least certain. Our mass estimate (as well as that
of R. C. Kennicutt 1984) does not take into account any
uncertainties on the electron density and should be treated as a
lower limit. Other line ratios, such as [OII]JA\3729/A3726,
[NT]A5200/A5198, [C1TI]A5517/A5537, and [ArIv]A4711/
M740, are sensitive to the electron density (L. J. Kewley et al.
2019) and have been measured in NGC 604 (C. Esteban et al.
2009). These density indicators often result in higher densities
than the [S II] ratio, which would naturally decrease the ionized
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gas mass estimated here. However, [CI1II] and [Ar1V] trace
higher excitation states, and thus, densities derived from these
lines need not be the same as those derived from the low-
excitation [OII]and [STI]lines depending on the density
structure of the nebula (R. H. Rubin 1989; W. Wang et al.
2004). Thus, these electron densities are sensitive to where
they are measured, especially in the case of long-slit spectra,
which might preferentially target easily observed high-exci-
tation portions of a GHIIR (e.g., J. M. Vilchez et al. 1988;
C. Esteban et al. 2009; N. S. J. Rogers et al. 2022).

Finally, we estimate the stellar mass in NGC 604 by inte-
grating the IMF over the mass range from 0.1-100 M., fol-
lowing the method described by M. Relafio et al. (2005). We
summarize the method here but refer the interested reader to
the discussion of M. Relaifio et al. (2005) for more details.

The total stellar mass is defined as

k m®(m) dm, “4)

100 M.,
M* - f
1 Mg

where ®(m)=Am >’ for a P. Kroupa (2001) IMF. To
determine the proper normalization factor, A, we make a
first-order estimate of M, by calculating the number of O5V
stars needed to produce the measured Ha luminosity and
multiplying that by the mass of an OS5V star, 37.28 M,
(F. Martins et al. 2005). We substitute this into Equation (4)
with the upper and lower limits replaced by the masses of an
04V (46.16 M.,) and O6V star (31.73 M) star, respectively.
The normalization factor, A, is then solved for, and the IMF
can be integrated over the full mass range to give a more
accurate estimate of M.

For NGC604, we derive a stellar mass of M, =
(23+0.3) x 10° M., comparable to that estimated by
H. Yang et al. (1996; 2x 10°M,.) who assumed an
E. E. Salpeter (1955) IMF. Here, we propagated the uncer-
tainty from the ionizing flux required to produce the observed
Ha luminosity. The true uncertainty on this quantity is
likely much bigger. The A P. Kroupa (2001) IMF may not
be the most reasonable form to describe the stellar content
of NGC 604. L. Drissen et al. (1993) determined the slope
of the IMF to be o« =1.88 in the range 15-60 M. This
slope is extremely flat compared to an E. E. Salpeter (1955)
IMF. Assuming that this slope extends to lower masses, the
estimated stellar mass decreases by ~75%. Given that the
optical imaging survey of L. Drissen et al. (1993) could not
detect heavily extinguished stars (J. Maiz-Apelldniz et al.
2004; M. Relafio & R. C. Kennicutt 2009; R. Miura et al.
2010), the estimated stellar mass is likely a lower limit
at best.

3.2. Excitation and Abundance

Flux ratios between the various emission lines can be used
to derive the average properties of the ionized gas in NGC 604.
In Table 2, we show the principal diagnostic line ratios derived
from the integrated spectrum as well as the physical para-
meters derived from them.

Several emission-line diagnostics are typically used to deter-
mine the ionization source for galaxies and emission-line regions
(J. A. Baldwin et al. 1981; S. Veilleux & D. E. Osterbrock 1987).
The values of log([ N IIJ/Ha) ~ —0.8, log([ S II]/Ha) ~
—0.8, and log([ O 1I]/HB) ~ 0.2 correspond to the expected
values for HII regions photoionized by hot OB stars. These
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Table 2
Integrated Line Ratios and Physical Properties of NGC 604
Parameter Ratio Value
Line Ratios log[ N II]A\6584/Ha —0.805 £ 0.056
log[ S [JAAN6717,6731/Ha —0.757 £+ 0.068
log[ O HI]A5007/HS 0.193 £ 0.049
log[ O M]\3727/HB 0.531 £ 0.060
log Ry3 0.741 + 0.047
logO 3, —0.339 + 0.059
log[N 1] A6584 /[0 1] A3727 —0.880 + 0.069
log[N 1] \6584/[S ] AN6717, 6731 —0.048 £+ 0.081
[S MIA6717/[S IA6731 1.421 + 0.433
Electron n, [cm’3] <10
Density
Oxygen R>3 (S. S. McGaugh 1991) 8.63 £ 0.17
Abundance
R»3 (H. A. Kobulnicky & 8.79 £ 0.16
L. J. Kewley 2004)
Ry3 (L. S. Pilyugin & 8.24 £ 0.13
T. X. Thuan 2005)
O3N2 (R. A. Marino et al. 2013) 8.32 £ 0.18
N2S2Ha (M. A. Dopita et al. 2016) 8.51 £ 0.10
N202 (L. J. Kewley et al. 2019) 8.59 + 0.24
Tonization 03, (H. A. Kobulnicky & —2.95 £ 0.15
Parameter L. J. Kewley 2004)
03, (L. J. Kewley et al. 2019) —2.92 £+ 0.07

Note. The oxygen abundance entries indicate what strong-line ratios are used,
i.e., Ry3, N202, etc., and which calibration is applied given that strong-line
ratio. Similarly, the ionization parameter, log I/, entries indicate the strong-line
ratio index and the particular calibration used. In both cases, the reported
uncertainties take into account the observational uncertainties on the indivi-
dual line ratios as well as the statistical uncertainties on the calibrations. In all
cases, the uncertainties are dominated by the statistical uncertainties.

values are consistent with those reported by J. Maiz-Apelldniz
et al. (2004), who used HST imaging that covered the entire
region. In contrast, our values differ significantly from results
based on slit spectroscopy (J. M. Vilchez et al. 1988; C. Esteban
et al. 2009; N. S. J. Rogers et al. 2022), which report higher
excitation ratios. This discrepancy likely arises because slit
spectra tend to target individual bright knots and do not include
the extended diffuse halo. For instance, the spectra in
N. S. J. Rogers et al. (2022) focus on the brightest, highest-
excitation knot in NGC 604, which is likely a compact H I region
itself (Figure 1).

The electron density, n,, is estimated from the [S ]\6717/
[S1]A6731 ratio. Unfortunately, our [S IT] ratio of ~1.42 lies
within the low-density limit (D. E. Osterbrock &
G. J. Ferland 2006). This implies densities <10 cm73, con-
sistent with all previously estimated densities (J. M. Vilchez
et al. 1988; J. Maiz-Apelldniz et al. 2004; C. Esteban et al.
2009; N. S. J. Rogers et al. 2022). Since our filters do not
cover the [OIN]A4363 auroral line, we cannot make an
electron temperature measurement. In order to explore the
abundances of NGC 604, we will rely on strong-line cali-
brations but will take the mean value obtained by C. Esteban
et al. (2009), T, = 8680 4+ 200 K, as our standard value when
necessary.

Various strong-line emission diagnostics are often used to
estimate the oxygen abundance and ionization parameter of an
HII region. Among these, the most widely used is the Ry3
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index (B. E. J. Pagel et al. 1979), defined as

[ O IJA3727 + [ O III] AN4959,5007
Ry = , (5)

Hp

which correlates with oxygen abundance but is known to
suffer from several limitations (see, e.g., S. S. McGaugh 1991;
L. S. Pilyugin 2001; L. J. Kewley & M. A. Dopita 2002;
L. J. Kewley & S. L. Ellison 2008; L. J. Kewley et al. 2019).

A well-known issue with the R,3 indicator is that it is
double-valued with respect to oxygen abundance: a given R3
value corresponds to two possible solutions, a metal-poor and
a metal-rich branch. To resolve this degeneracy, we follow the
recommendation of L. J. Kewley & S. L. Ellison (2008) and
use the [NII]/[O1I] ratio as a secondary diagnostic, which
places NGC 604 on the metal-rich branch. To calculate oxygen
abundances for the integrated spectrum using R,3, we apply
three calibrations: the S. S. McGaugh (1991) photoionization
model-based calibration parameterized by R. Kuzio de Naray
et al. (2004); the H. A. Kobulnicky & L. J. Kewley (2004)
photoionization model-based calibration; and the empirical
calibration of L. S. Pilyugin & T. X. Thuan (2005).

Another complication is that R,3 has a secondary depend-
ence on the ionization parameter, I/, which is the ratio of the
number density of ionizing photons to the number density of
hydrogen atoms (L. J. Kewley & M. A. Dopita 2002).
Although not directly measurable, I/ can be estimated through
ionization-sensitive ratios (e.g., L. J. Kewley et al. 2019) such
as

[0 m]AN4959,5007
[0 uJA\3727

(6)

All three R»3 calibrations used here account for ionization to
some degree. However, only the H. A. Kobulnicky &
L. J. Kewley (2004) calibration explicitly returns a value for
logU after an iterative procedure that converges both O/H and
log!d. We also include the loglf calibration of L. J. Kewley
et al. (2019), which is also an iterative procedure. We use the
ionization-insensitive abundance indicator of N202 (see
below) in this routine.

While R,; has long served as a standard abundance diag-
nostic, its degeneracy and sensitivity to ionization has moti-
vated the development of alternative indicators that exhibit
monotonic behavior with metallicity. These include the
empirical O3N2 index (R. A. Marino et al. 2013), the photo-
ionization model-based N2S2 Ha index (M. A. Dopita et al.
2016), and the photoionization model-based N202 index
(L. J. Kewley et al. 2019), defined as

03N2 —log| LOMHIAS007 ) log([N 1] 6584 ) -
HpS Ha
N2S2Ha = log( [N I]A6584 ) — 0,26410g(w)’
[ S AN 6717,6731 Ha
)
—Jog (LN 16584
N202 _IOg([o ] \3727 ) ©)

Each of these has its limitations, particularly their dependen-
cies on ionization parameter or elemental abundance ratios
(e.g., N/O and S/O). For a broader discussion of these
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diagnostics, see the reviews by R. Maiolino & F. Mannucci
(2019) or L. J. Kewley et al. (2019).

We estimate uncertainties in the derived abundances using a
Monte Carlo method. We recalculated each diagnostic 500
times using Gaussian-distributed line fluxes with widths equal
to their measurement uncertainties. However, each calibration
comes with its own statistical uncertainty. We add these two
uncertainties together in quadrature; in all cases, the statistical
uncertainty of the calibration dominates. We note that
M. A. Dopita et al. (2016) did not report a statistical uncertainty
on their N2S2 Ha calibration; the reported uncertainty only
takes into account the observational uncertainties. Additionally,
since the log U/ calibration of H. A. Kobulnicky & L. J. Kewley
(2004) is found iteratively with the oxygen abundance, we
assume it has the same statistical uncertainty as the oxygen
abundance. The resulting oxygen abundances and ionization
parameters and their uncertainties are reported in Table 2.

Taking an average of these abundance estimates weighted
by their uncertainties gives an oxygen abundance of
12 + log(O/H) = 8.48 £+ 0.07. The similarity of this aver-
aged abundance to the N2S2 Ha abundance might indicate that
this abundance is weighing the average. We tested this by
removing this abundance estimate from our average; the resulting
average was shifted down by only 0.01 dex. Thus, we see that
NGC 604 likely has a slightly subsolar oxygen abundance
(~0.6Z) and a mild ionization parameter. The average oxygen
abundance estimated here is very similar to that from auroral line
electron temperature measurements: 8.51 = 0.03 (J. M. Vilchez
et al. 1988) and 8.50 +0.03 (N. S. J. Rogers et al. 2022).

These abundance estimates provide a baseline for interpreting
the spatially resolved structure across NGC 604. As we will
show in later sections, the apparent consistency in some indi-
cators masks more complex spatial variations in others, raising
key questions about the reliability of different diagnostics when
applied to extended nebulae. In particular, this analysis connects
directly to the long-standing strong-line abundance discrepancy
problem (L. J. Kewley & S. L. Ellison 2008; J. Moustakas et al.
2010), in which different strong-line indicators yield system-
atically different oxygen abundances, even within the same
region (e.g., M. Relafio et al. 2010; A. Monreal-Ibero et al.
2011; Y.-W. Mao et al. 2018).

4. Spatially Resolved Properties

Before presenting the emission-line ratio maps of NGC 604,
we first present a brief overview of the nebular structure of
NGC 604. Much of this structure has been discussed exten-
sively in the past (G. Tenorio-Tagle et al. 2000;
J. Maiz-Apelldniz et al. 2004); we will not repeat what has
already been said. Instead, we highlight several morphological
features that will guide the remainder of the discussion.

The right panel of Figure 1 points out several morphological
features of NGC 604. In general, the structure of NGC 604
consists of a central, bright, high-excitation region surrounded
by a dimmer, low-excitation halo. The central region is com-
posed of a shell surrounding a central cavity (labeled “A”
following the nomenclature of J. Maiz-Apelldniz et al. 2004)
centered on coordinates (—7”,—3"). Many of the most massive
ionizing stars reside in cavity A (L. Drissen et al. 1993;
D. A. Hunter et al. 1996; F. C. Bruhweiler et al. 2003;
L. Drissen et al. 2008; C. Farifa et al. 2012). Two other
cavities are visible nearby: cavity B to the south and cavity D
to the north. A small number of OB stars populate cavity B
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Figure 3. The visual dust extinction, Ay, map for NGC 604 as estimated from
the Balmer decrement. The characteristic median uncertainty is 0.17. The
contours show the distribution of the JWST MIRI F770W flux at levels of 20
and 50 MJy st~ in red and purple, respectively (S. K. Sarbadhicary et al. 2025).

(H. Yang et al. 1996), while massive young stellar object
candidates align with the shells surrounding cavities A and B
(C. Farina et al. 2012; J. R. Martinez-Galarza et al. 2012).

Kinematically, these three shells appear to be related.
G. Tenorio-Tagle et al. (2000) found that a single velocity
component characterizes the shell around cavity A, while two
velocity components characterize the cavity itself. They sug-
gest that these are signs that the bubble originally associated
with cavity A had burst in the direction toward us. Meanwhile,
the kinematics of cavities B and D were similar to those of
cavity A, suggesting a similar origin.

Meanwhile, the excitation drops in the east. A prominent loop
surrounds cavity C, centered on (24", 0). The flux intensity here is
weaker, and the kinematics do not show line-splitting
(G. Tenorio-Tagle et al. 2000). Only a few stars occupy this cavity;
Figure 1 marks one of them, an O6.5 Iaf star (L. Drissen et al.
2008; K. F. Neugent & P. Massey 2011). The kinematics and
stellar population here suggest that this fourth cavity is an older
structure that has been recently re-ionized by the current burst.

Two interesting objects lie to the south and will be discussed
throughout the paper. One is a previously detected SNR, M33-
16 (also known as L10-124; S. D’Odorico et al. 1980;
K. S. Long et al. 2010; S. Duarte Puertas et al. 2024;
S. K. Sarbadhicary et al. 2025). The green contour outlines its
location and shape as defined in our [S1I]/Ha image. This
gives it an approximate diameter of roughly 4" x 2 (16 pc x
8 pc). Another object to the south of the SNR is an unknown
point-source object detected in our [N 1I]/Ha and [O 111]/HS
images. The green circle is a 1”(4 pc) aperture. Nearby and
marked with a green cross is a potential stellar object detected
by C. Farifia et al. (2012) with a separation of 0”8.

4.1. Extinction in NGC 604

Figure 3 shows the visual extinction map, Ay, derived from
the Ha/HB line ratio under the assumption of Case B
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Figure 4. Left panel: the [S [JA6717/[S 1]A6731 emission-line ratio. Characteristic uncertainties are ~0.4. Right panel: the electron density, log n,, calculated with
PyNeb (V. Luridiana et al. 2015). Characteristic uncertainties are 1 dex. The black contours show the distribution of the reddening-corrected Ha flux at levels

of log(Fii,) = —16.5, —15.5, —14.5erg s~ cm 2.

recombination (D. E. Osterbrock & G. J. Ferland 2006) at
T.=8660K (C. Esteban et al. 2009) and assuming constant
density of n, = 10 cm . Changing the density to values as high
as 300 cm > does not meaningfully change the intrinsic Balmer
decrement at these conditions, namely (Ha/HB);, = 2.89. We
adopt the extinction law of D. Calzetti et al. (2000) with
Ry =3.1. As with all subsequent maps, we calculate extinction
only for regions where the uncorrected flux in each line exceeds
2 x 1077 ergs~' cm ™2 The resulting extinction map yields a
median value of Ay=0.22£0.17, slightly lower than, but
broadly consistent with, the value derived from the integrated
spectrum (Ay ~ 0.3).

The extinction map shows a clumpy and complex spatial
structure across NGC 604. Overlaid on Figure 3 are contours
from the JWST MIRI F770W image (S. K. Sarbadhicary et al.
2025), which trace the 7.7 um polycyclic aromatic hydrocarbon
(PAH) emission. These contours correspond well with regions
of elevated extinction, indicating a spatial correlation between
the Balmer decrement and infrared dust emission. Previous
studies have examined the dust extinction across NGC 604
using various tracers, including the Balmer decrement, infrared
emission, and radio emission, and have explored the corre-
spondence between these methods (e.g., C. D. Wilson &
N. Scoville 1992; J. Maiz-Apellaniz et al. 2004; M. Relafio &
R. C. Kennicutt 2009; R. Miura et al. 2010).

These works confirm, for instance, that the prominent
extinction peak near the center of the nebula at (6”,~15") cor-
responds to the main molecular cloud (cloud 2 of C. D. Wilson
& N. Scoville 1992; cloud 8 of G. Engargiola et al. 2003;
R. Miura et al. 2010), a well-known site of embedded star
formation (R. Miura et al. 2010). This cloud also extend east-
ward and likely contributed to the enhanced extinction in that
region (J. Maiz-Apellaniz et al. 2004; R. Miura et al. 2010).

While a detailed spatial analysis of dust extinction and
emission is beyond the scope of this paper, it remains an

important aspect of understanding the physical conditions in
NGC 604. Future work will explore this topic more thor-
oughly, particularly in the context of how dust geometry, PAH
emission, and molecular gas relate to the nebula’s ionization
and star formation structure.

4.2. Density Structure

We study the electron density across NGC 604 using the
[STIA6717/[S ]A6731 emission-line ratio, shown in the left
panel of Figure 4. The interquartile range of this ratio is
[1.29, 1.49], indicating that the region generally lies in the low-
density regime, consistent with earlier measurements
(J. M. Vilchez et al. 1988; J. Maiz-Apelldniz et al. 2004;
C. Esteban et al. 2009). The map reveals some notable struc-
tures, including clumps in the high-excitation central regions
where the ratio is lower than in the surrounding nebula. SNR
M33-16, located to the south, also appears on the map with a
ratio of approximately 1.3.

The right panel of Figure 4 shows the estimated electron
density, n,, calculated with PyNeb (V. Luridiana et al. 2015)
using the atomic data of P. Rynkun et al. (2019; see
C. Morisset et al. 2020 for a discussion on other atomic data
sources). We assume an electron temperature of 7, = 8680 +
200K (C. Esteban et al. 2009). To propagate uncertainties,
we employed a Monte Carlo method that incorporates
both measurement errors in the emission-line ratio and the
assumed electron temperature. To speed up computation,
those pixels with the [S TTI]A6717/[S A6731 ratio >1.35, we
assigned an electron density of 100 cm . For all pixels, the
resulting logn, values typically have uncertainties on the
order of 1 dex.

Most of the HII region lies in the low-density limit, with
n, < 100 cm—>. However, several denser clumps are apparent,
particularly around the bright central high-excitation region,
where 1, > 300 cm . The densest knot in NGC 604 is located
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Figure 5. From left to right: the log([ N I[]A6584/Ha), log([ S IIJAA6717, 6731 /Ha), and log([ O II]A5007/H3) emission-line ratio maps. Characteristic
uncertainties are 0.08 dex, 0.08 dex, and 0.11 dex, respectively. North is up, and east to the left.

at (8”,—8"), with a peak value near 500 cm 3. This location
also corresponds to a region of high extinction in the Ay map
(Figure 3). While the density is consistent with a compact
H I region, the knot’s size of about 5 pc in the Ha map is an
order of magnitude too large to qualify as a classical compact
HII region (see S. Kurtz & J. Franco 2002 for a review).
Instead, it may represent a filled H I region ionized by a small
group of massive stars. This same region also exhibits the
highest excitation in NGC 604 with log([ O 1II]/HB) ~ 0.7
(Figure 5).

Other areas of enhanced density include the bright arc that
outlines cavity. A. J. Maiz-Apellaniz et al. (2004) proposed
that this region consists of a dusty “flap” that obscures part of
the near-edge-on high-excitation zone. In this scenario, we
may be observing line emission from one surface of the cavity
passing through the dust flap, artificially elevating the mea-
sured density due to projection effects.

Finally, SNR M33-16, though not as dense as the previous
regions, is modestly enhanced relative to the surrounding ISM,
with densities around 145 cm>. This density is notably lower
than the value of ~445 cm ™ reported by S. M. Gordon et al.
(1998), but given the large uncertainties on our electron den-
sity estimates of +1 dex, this difference is not cause for alarm.

4.3. Excitation Maps

Figure 5 shows the emission-line ratio maps of [N 1I]/Hc,
[S11]/He, and [O 1] /HB. These ratios allow us to study the
ionization structure of NGC 604, with the former two ratios
tracing the low-excitation regions and the latter tracing the
high-excitation regions. Lower values of [N 1I]/Ha and [S 11]/
Ha are located close to the position of the main ionizing star
cluster, corresponding to the high-excitation region. In com-
parison, the outskirts have higher values, indicating the low-
excitation zone. The opposite is true for the [O 111]/HS map.

We immediately see the striking straight-line “ridge”
remarked on by G. Tenorio-Tagle et al. (2000): a large, almost
straight dividing line that spans across the center of the nebula
from north to south. This ridge separates the high-excitation
region from the low-excitation region to the east. They suggest
that three shells or bubbles happen to align by chance, and
because we view them edge-on, they appear as a straight-line
ridge. Interestingly, the [N 1I]/Ha and [S IT] /Ha ratios some-
what maintain this sharp dividing line, while the [O1I1]/HS3

ratio appears to have breached the ridge as there are patches of
high-excitation regions toward the east. However, this appears
to be the location of a few WR stars that might be ionizing the
surrounding ISM (F. C. Bruhweiler et al. 2003; K. F. Neugent
& P. Massey 2011). Except for these few regions, the eastern
section of the nebula seems unaffected by the ionization
occurring in the central cluster. For instance, the prominent arc
that forms the boundary of cavity C is consistent with very low
excitation, which supports an old age for this portion of the
nebula (G. Tenorio-Tagle et al. 2000; J. Maiz-Apellaniz
et al. 2004).

Using BPT diagrams (J. A. Baldwin et al. 1981; S. Veilleux
& D. E. Osterbrock 1987), we investigate whether other non-
photoionizing mechanisms are significant with NGC 604. In
Figure 6, we show the BPT diagrams grouped into bins of Ha
flux. Those pixels with high Ha flux (rightmost panels) cor-
respond to those showing high excitation levels (high values of
[O1]/HP); however, the low Ha flux pixels (left-most
panels) cover the whole range of excitation within the nebula.
Interestingly, the range covered by all bins in [O1]/Hf is
approximately the same. However, as indicated by the position
of the red diamonds in Figure 6, which indicate our median
values in each flux bin, higher [N 11]/Ha and [S 1T] /Ha ratios
and lower [O 111]/HQ ratios are detected in areas of lower Ha
flux. This quantitative trend confirms the qualitative trend seen
in Figure 5 that the degree of ionization does get smaller with
increasing distance from the ionizing source.

A recent analysis of 124 H1I regions in the southern part
of M33 by A. Feltre et al. (2025) showed similar results.
Lower values of [NII]/Ha and [ST]/Ha occur where the
ionization is strongest (as traced by [S IIT]AA9069,9531/[S 11]
AN6717,6731) and vice versa, at least out to the ionization
front where these values plateau. Meanwhile, the [O II1]/HS3
ratio appears to remain approximately constant likely due to
gas physical conditions and the optical depth. This is evident in
our BPT diagrams, where we find that while [N 1I]/Ha and
[S1]/Ha strongly vary across our flux bins, [O 1] /HS has
weaker variations. A. Feltre et al. (2025) proposed that this
plateau of [O III] emission is caused by complex nebular geo-
metry, which allows photons to leak along multiple sight lines
of low optical depth (see also E. W. Pellegrini et al. 2012;
Y. Jin et al. 2022). The complex geometry of NGC 604
(Figure 1) could be the culprit here as well. Indeed,
J. Maiz-Apelldniz et al. (2004) found that it is density-bounded
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L. J. Kewley et al. (2006).

to the west, resulting in one direction where photons might be
leaking and maintaining high [O 1I1] /HQ ratios.

In general, these findings compare well with previous studies
of two other spatially resolved H Il regions in M33, NGC 595, and
NGC 588 (M. Relaiio et al. 2010; A. Monreal-Ibero et al. 2011).
In general, the trends observed across the changing brightness
bins are the same, although the ranges of these line ratios are
smaller in NGC 595 and NGC 588. As A. Monreal-Ibero et al.
(2011) remarked, this is likely due to different mapped areas. As
both are within the SIGNALS data for M33, a comparison study
between our data would be interesting.

Also marked in Figure 6 are the observed integrated emis-
sion-line ratios from this study (blue diamond) and others
(J. M. Vilchez et al. 1988; J. Maiz-Apellaniz et al. 2004;
C. Esteban et al. 2009; N. S. J. Rogers et al. 2022). It appears
that, independently of the line ratio, integrated values from long-
slit spectroscopy (yellow, orange, green diamonds) are more
representative of the high surface brightness areas (rightmost
panels). In contrast, those from imaging or imaging spectrosc-
opy (blue and purple diamonds) are more representative of
middling surface brightness (F(med)+ lo < Fy, < F(med) +
20). Moreover, the [N 1] /Ha and [S 1T] /Ha ratios derived from
long-slit spectroscopy differ by as much as ~0.3dex and
~0.4 dex, respectively, from those derived from imaging or
imaging spectroscopy. Similar effects have been observed in
other giant H1I regions (E. W. Pellegrini et al. 2010; M. Relafio
et al. 2010; A. Monreal-Ibero et al. 2011). These trends illustrate
the effect of aperture selection and relative weighting of external
regions of an H II region, as imaging and imaging spectroscopy
will naturally weigh external, low-excitation regions more,
while long-slit spectroscopy often give more weight to high-
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excitation regions as is required to measure the faint [OIII]
M363 line.

4.3.1. Discrete Sources

Two discrete sources are evident in Figure 5, which warrant
further discussion. In the [SII]/Ha excitation map (middle
panel), the SNR M33-16 at (—2”,—28") stands out at loga-
rithmic values between —0.3 and —O0.1 dex, consistent with
SNRs (S. D’Odorico & F. Sabbadin 1976; H. Yang et al. 1996;
K. S. Long et al. 2010). For completeness, we measured the
integrated flux of the SNR in a custom contour defined using
the [SI1]/Ha line ratio map and shown in Figure 1. The
observed spectrum did not show any signs of line-splitting or
Doppler broadening consistent with being an old SNR
(K. S. Long et al. 2018). Therefore, we only assumed a single
velocity component in fitting the spectrum and deriving line
fluxes. We fit a phase-shifted sinc-Gaussian profile in SN 3 and
a standard sinc-Gaussian profile in SN 1 and SN 2 with ORCS.
We did not correct the fluxes for the complex HII region
background, but we did apply standard dust corrections using
the Balmer decrement and the extinction law of D. Calzetti
et al. (2000). Those emission-line fluxes and selected line
ratios are reported in Table 3. Given its integrated Ha
brightness, we show its location in the BPT diagram in the far
right plots of Figure 6 as the maroon point.

Another discrete source lies south of SNR M33-16 at (—5”,
—36") and is clearly visible in the [N 11]/Ha and [O 11]/HS
maps in Figure 5. This is consistent with an object that is
locally nitrogen-enriched and has a high-excitation source.
Given its small pointlike size (r ~ 1”; ~4 pc) and its location
on the BPT diagrams, this suggests that this object is a
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Table 3
Integrated Line Fluxes for Two Objects

Line/Line Ratio SNR M33-16 Point Source

[0 mA3727 5.034 £+ 0.702 3.192 £ 0.632
Hp3 2861 1.000 £+ 0.117 1.000 + 0.167
[O 1] A\4959 0.466 £ 0.055 0.735 £+ 0.123
[O m]A5007 1.337 £ 0.154 2.114 £ 0.344
[N M A6548 0.259 £ 0.058 0.358 £ 0.086
Ho \6563 2.859 £+ 0.291 2.860 & 0.409
[N M A6584 0.641 £ 0.082 1.084 + 0.172
[S mJA6717 0.792 £ 0.095 0.294 £+ 0.081
[S MA6731 0.614 £+ 0.079 0.216 £ 0.076
F(HpB) M\4861 3.341 £ 0.277 0.283 £ 0.033
EB—-V) 0.131 £+ 0.024 0.001 £ 0.034
log[ N 1] \6584/Ha —0.649 £ 0.049 —0.421 £ 0.058
log[ S 1[1AN6717,6731 /Ha —0.308 £+ 0.038 —0.749 £ 0.094
log[ O T]A5007/HB 0.126 £ 0.050 0.325 £+ 0.071
log[ O 11A3727/H3 0.702 £ 0.061 0.504 £ 0.086
log Ry3 0.835 £ 0.051 0.781 £ 0.066
logO 3 —0.446 £ 0.056 —0.049 £ 0.079
log[N mA6584/[O 1] \3727 —0.895 £ 0.064 —0.469 £ 0.083
[S IA6717/[S M]A6731 1.290 £ 0.168 1.361 % 0.565

Note. The first column corresponds to the emission line or emission-line ratio
identification. The fluxes are all reddening-corrected and normalized
to the reddening-corrected HS flux. The H{ fluxes are in units of 1 X

107 ergs ' em 2

planetary nebula. We extracted its spectrum from the data cube
using a 1” aperture and derived its line fluxes. In order to
somewhat account for the HII region background, we per-
formed local background subtraction using an annulus with
inner radius 2”3 and width 1”73. However, upon subtracting this
local background, only the [N1IJand [O III] emission lines
remained, indicating that this object has excess [NII]and
[O 1], perhaps in agreement with observations of Type I
planetary nebulae (R. L. Kingsburgh & M. J. Barlow 1994;
D. J. Frew & Q. A. Parker 2010). Unfortunately, no other
emission lines remain after local background subtraction,
precluding further analysis.

Additionally, before we subtracted the local background, we
noticed that the [N I1] lines lie at a different velocity than that
of NGC 604 (-255km sfl; G. Tenorio-Tagle et al. 2000).
Namely, this point source is redshifted by about 80 kms '
This suggests that this point source does not belong to
NGC 604 from a kinematic perspective. Putting this together
suggests that this point source is a rare Type I planetary nebula
that we are observing along the line of sight toward NGC 604.
In Table 3, we include the emission-line fluxes for this source
and selected line ratios. We fit two velocity components with a
phase-shifted sinc-Gaussian profile in SN3 and a single-
component standard sinc-Gaussian profile in SN 1 and SN2
with ORCS. Similar to SNR M33-16, the fluxes in this table do
not include local background subtraction but do include the
standard dust correction assuming the D. Calzetti et al. (2000)
extinction law. We also show its location in the BPT diagram
in Figure 6. Given its Ha brightness, it is located in the far
right plots of Figure 6 as the dark-blue circle.

Finally, there are four additional point sources in the [N 11]/
Ha map, albeit fainter than the strong point source to the
south. Three of them, at coordinates (—7”,—1"), (6”,—2"), and
(8”,—12"), are known WN stars (L. Drissen et al. 2008). The
fourth at (15”,—1”) is not in the catalog of L. Drissen et al.
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(2008), but is a massive young stellar object in the catalog of
C. Farina et al. (2012). WN stars do not exhibit [N II] lines,
unless they are surrounded by a wind-driven bubble enriched
in nitrogen, which might be the case for these four stars.

4.4. Strong-line Ratio Maps

Our imaging spectroscopy also enables us to investigate the
distribution of line ratios commonly used to estimate the
metallicity and ionization parameter of integrated H II regions
throughout NGC 604 for the first time. We use all of the
abundance- and ionization-sensitive diagnostics defined in
Section 3.2, namely the R,3, O3, O3N2, N2S2Ha, and N20O2
line ratios (Equations (5)—(9)).

Figure 7 shows the maps for these line ratios. The right
panel shows the ionization-sensitive indicator, O3;. There is a
clear trend of decreasing Oz, with radial distance from the
ionizing stars. This follows from the definition of the ioniz-
ation parameter (L. J. Kewley & M. A. Dopita 2002;
L. J. Kewley et al. 2019). Again, there is a definite morpho-
logical structure in the Oz, map, just as there was in the
excitation maps. We see the “ridge” dividing the less-ionized
east from the highly ionized west. The interquartile range for
this parameter is [—0.69, —0.39]. The highest O3, values are
located in the compact H1I region near the center with values
reaching logO 3, ~ 0.8. The point-source object to the south
also shows mildly high values of logO3, >~ —0.1 (Table 3),
indicating a mildly ionizing source.

Meanwhile, the left group of panels in Figure 7 shows the
abundance-sensitive indicators. Looking first at the R,3 map
(top left), it shows very little variation with morphology. The
interquartile range for this parameter is [0.65, 0.74], compar-
able to our integrated value (Table 2). Despite the £0.05 dex
variation away from our integrated value, this is within the
characteristic uncertainty for this parameter of 0.13 dex. Thus,
it appears that the R,3 has a relatively constant value across an
H II region despite strong variations in the ionization parameter
(R. C. Kennicutt et al. 2000; M. S. Oey & J. C. Shields 2000;
B. L. James et al. 2016; Y.-W. Mao et al. 2018)."?

The panels of Figure 7 showing the O3N2 (top right),
N2S2Ha (bottom left), and N202 (bottom right) maps are
commonly used as oxygen abundance indicators, but each has
secondary dependencies: all of them are dependent on nitrogen
abundance, while the O3N?2 ratio is additionally dependent on
the ionization parameter. The O3N2 map has a superficial
similarity to the Oz, map with strong variations across the
nebula. Meanwhile, the N20O2 map has a superficial similarity
to the R,3 map with relatively constant values across the entire
region; the median value is —0.85 dex. Finally, the N2S2Ha«
map exhibits mild fluctuations across the nebula. Notably, its
use of the [S1I] lines allows for an easy identification of SNR
M33-16. For reference, the interquartile ranges of these para-
meters are

0O3N2 €[0.59, 0.92],
N2S2Ha  €[—0.32, —0.22], and
N202 €[-0.90, —0.78].

The natural next step is to apply the various oxygen abun-
dance and ionization calibrations to this data, thus producing

13 While the R»3 famously has a dependence on the ionization parameter, on
the upper metal-rich branch of the R;~O/H relation, the dependence on
ionization is small (e.g., H. A. Kobulnicky & L. J. Kewley 2004).
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Figure 7. Maps of common strong-line abundance and ionization indicators. The left set of four panels are common abundance indicators: the R,3; map (top left;
B. E. J. Pagel et al. 1979), the O3N2 map (top right; R. A. Marino et al. 2013), the N2S2Ha map (bottom left; M. A. Dopita et al. 2016), and the N202 map (bottom
right; L. J. Kewley et al. 2019). Each color bar has been chosen so that bluer colors are metal-poor while redder colors are metal-rich. Characteristic uncertainties on
each are 0.13, 0.14, 0.10 and 0.13 dex, respectively. The right plot is the ionization-sensitive Oz, map (L. J. Kewley & M. A. Dopita 2002). In this case, bluer colors
are less ionized while redder colors are more ionized. The characteristic uncertainty on this map is 0.14 dex. In all plots, the range on each color bar is £3¢ around

the median, and the black contours show the distribution of the reddening-corrected Ha flux at levels of log(Fy,) = —16.5, —15.5, —14.5 erg s~!'em

oxygen abundance and ionization parameter maps for
NGC 604. However, using calibrations on sub-HII region-
scale data is not applicable (see G. Stasiriska 2019 for a rele-
vant discussion). Empirical calibrations are calibrated on
integrated spectra of H I regions or even whole galaxies (e.g.,
M. Pettini & B. E. J. Pagel 2004; L. S. Pilyugin &
T. X. Thuan 2005; R. A. Marino et al. 2013). In contrast,
theoretical calibrations assume a central ionizing stellar
population (e.g., S. S. McGaugh 1991; H. A. Kobulnicky &
L. J. Kewley 2004; M. A. Dopita et al. 2016; L. J. Kewley
et al. 2019), and it is extremely unlikely that there is an
ionizing star in each pixel of our data. Therefore, we construct
“residual” maps of these strong-line ratios by subtracting the
integrated spectrum line ratio from the maps. Thus, we can
investigate fluctuations across NGC 604 without quantifying a
specific abundance or ionization parameter, both of which are
inherently calibration-specific and only applicable to inte-
grated H 1I regions.

However, not all fluctuations of these line ratios around the
integrated value are statistically significant. In many cases, the
residuals are smaller than the uncertainties on the residuals. In
that case, we choose instead to mask these areas of NGC 604,
as seen in Figure 8, where we have set these pixels to have a
residual of zero and colored them light green. We selected all
other colors so that, in the case of an integrated H1I region
given those line ratios, red is metal-rich while blue is metal-
poor. This color choice required flipping the color bars on the
R>3 and O3N2 maps where more positive values correspond to
lower metallicity (S. S. McGaugh 1991; H. A. Kobulnicky &
L. J. Kewley 2004; R. A. Marino et al. 2013). In the case of the
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03, map, more positive values indicate higher ionization and
are colored red, while more negative values represent lower
ionization and are colored blue in the case of an integrated H II
region. Each color bar spans a range of +30.

Through this lens, we observe that some line ratios exhibit
significant variations while others do not. The residuals in the
line ratios, which show little dependence on the ionization
parameter, namely R,3, N2S2Ha, and N202, exhibit very
weak variations consistent with zero change from the inte-
grated value. Thus, most of NGC 604 in these maps are
colored light green. However, a few statistically significant
features remain. For instance, in the R,3 and N20O2 maps, a
“three-pronged fan” to the north appears to have consistently
higher line ratios relative to the integrated value. Given the
concentric nature of these arcs, they may represent remnants of
shocks or the outer edges of bubbles from early star formation
episodes. Indeed, shocks are known to change the value of the
Rz index (e.g., M. A. Dopita & R. S. Sutherland 1996).

Other smaller discrete features are also visible in these
abundance-sensitive line ratio maps. The large arc to the east
appears to be bifurcated, with the western side having higher
values than the eastern side. This is more easily seen in the Ry3
map than in the N202 map. G. Tenorio-Tagle et al. (2000)
regarded this structure as old since it shows no evidence of
line-splitting and is thus likely unaffected by the mechanical
energy from massive stars that the central region feels. How-
ever, there is at least one massive star near this arc (L. Drissen
et al. 2008) on the western side, so metal enrichment by local
star formation or their shocks is not ruled out regardless of the
structure’s supposed old age.
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Figure 8. Maps of the strong-line abundance indicators after subtracting the value measured in the integrated spectrum. The maps are in the same layout as in
Figure 7. The number in the top left of each panel is the line ratio value of the integrated spectrum. The color bars have been chosen so that bluer colors are metal-
poor compared to the integrated spectrum, while redder colors are metal-rich compared to the integrated spectrum, while light green shows pixels near a value of zero
that have been masked (see the text). The range on each color bar is +3¢ around zero. Characteristic uncertainties on each are 0.14, 0.15, 0.16, 0.13 and 0.15 dex.

The black contours show the distribution of the reddening-corrected Ha flux at levels of log(Fu,) = —16.5, —15.5, —14.5erg s~ cm

In both the R,3 and N202 residual maps, the site of the main
molecular cloud at (6”,—15”) has lower values compared to the
integrated value, while in the N2S2H« residual map, it is has
higher values. Importantly, this area has the highest dust
extinction of the region (Figure 3). This dust-enshrouded area
does have active star formation within it. However, the dust is
likely shielding its light, especially so close to the central
ionizing cluster. Other spots in the N2S2Ha residual map do
not appear in any other map, SNR M33-16 being the most
prominent example, as it has much lower values compared to
the integrated value for the entire region. Comparing this
residual map to the electron density maps in Figure 4, we see
that the areas here that are not masked are where we have
reliable density measurements. There is likely some electron
density dependence not being controlled for in this abundance
diagnostic, especially since supernovae enrich the local ISM
with metals (e.g., F. X. Timmes et al. 1995).

Another factor to consider is the ionization parameter,
which likely explains the large variations observed in the Os;
and O3N2 residual maps. Among the lines used in these line
ratios, [OII] is more efficiently excited in regions of high
ionization, while [O 1I], [N II], and [S 1I] are more related with
a low-ionization state (D. E. Osterbrock & G. J. Ferland 2006).
Decreasing the ionization parameter would have the effect of
diminishing O3N2 and Os; and to keeping R,3, N202, and
N2S2Ha constant if intrinsic metallicities are constant. Indeed,
photoionization models configured with such an ionization
structure have successfully reproduced the observed 2D fea-
tures of other individual HII regions in M33 (E. Pérez-Mon-
tero et al. 2011, 2014). The variation we see in the O3N2 and

13

-2

O3, maps in Figures 7 and 8 is likely a result of this changing
ionization parameter across NGC 604.

The above discussion indicates that, despite the complex
morphological and structural properties of NGC 604, the
abundance-sensitive line ratios are approximately constant
across the region, while the ionization structure varies. Although
these indices have other dependencies, their approximately
constant values demonstrate robustness against ionization var-
iations, a conclusion supported by both observations
(R. C. Kennicutt et al. 2000; M. S. Oey & J. C. Shields 2000;
F. Bresolin 2007; B. L. James et al. 2016) and theoretical pre-
dictions (L. J. Kewley & M. A. Dopita 2002; M. A. Dopita
et al. 2013). Meanwhile, the failure of the O3N2 index to
account for changing ionization states results in a blend of
abundance and ionization effects that render the use of this
index difficult, especially for resolved studies of HII regions
(A. R. Loépez-Sanchez & C. Esteban 2010; G. Stasiriska 2010;
R. A. Marino et al. 2013; Y.-W. Mao et al. 2018). Finally, while
the N2S2Ha index is not sensitive to the ionization state, its
dependence on the N/O and S/O relative abundances, as well
as possibly the electron density, hampers its use without prior
knowledge of the relative abundances.

5. Kinematics of NGC 604

The kinematics of NGC 604 has been studied numerous
times in the literature (e.g., M. G. Smith & D. W. Weedman
1970; J. Melnick 1977, 1980; S. D’Odorico & M. Rosa 1981;
M. Rosa & S. D’Odorico 1982; H. Hippelein &
J. W. Fried 1984; M. Rosa & J. Solf 1984; N. S. P. Sabalisck
et al. 1995; H. Yang et al. 1996; G. A. Medina-Tanco et al.
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Figure 9. Left and middle panels: the velocity map derived from the Ha emission line. Overlaid in black in the left panel are Ha flux contours at levels of
log(Fua) = —16.5, —15.5, —14.5 erg s~' cm~2. In the middle panel, we have marked the positions of the four main cavities A through D from J. Maiz-Apelldniz
et al. (2004) as well as SNR M33-16 (SNR) and the point-source object (PS). The right panel is the velocity dispersion map derived from the Ho emission line. The

circles are the same as in the middle panel.

1997; G. Tenorio-Tagle et al. 2000). While the spectral reso-
lution in our SN 3 filter allows us to derive the Ha radial
velocity and velocity dispersion across the entire nebula, the
resolution is not high enough to make a study of split-line
profiles and thus turbulence. Instead, we offer a “holistic” view
of NGC 604’s kinematics across the entire nebula and make
connections to the ionized gas properties discussed above.

Figure 9 shows the radial velocity map (left and middle
panels) and the velocity dispersion map (right panel) of the Ha
emission line. Single sinc-Gaussian fits were used to obtain
these maps regardless of possible line-splitting. In the velocity
field, the fit traces the velocity peak at each pixel. This gives a
general sense of the kinematics of the nebula. In the case of the
velocity dispersion, the width of a single sinc-Gaussian is
reported. This is useful even if there are multiple components,
as the width should be larger if there are multiple unresolved
components. The velocity dispersion map was corrected by
instrumental and thermal widths, o, = 68.5km s ! and
om=8.5kms ™', respectively. The latter value was estimated
by assuming an electron temperature of 8680 K (C. Esteban
et al. 2009) in the expression oy = (kzT,/my)'/?. Using a
“standard” electron temperature of 1 x 10~*K increases the
thermal width to 9.1kms~', which is negligible due to the
quadratic sum.

A close look at Figure 9 reveals that the velocity map is
correlated somewhat with the Ho flux distribution, while the
dispersion map correlates with the location of the known
cavities in NGC 604. From west to east, there is an increase in
the radial velocity of ~30kms™', which might suggest that
the nebula is rotating. Given that NGC 604 is not likely
spherical, it instead could be an expanding structure
approaching on the west and receding on the east. The velocity
and velocity dispersion maps agree well with those found by
Z. S. Kam et al. (2015), but the spatial resolution of SITELLE
allows us to reveal more detail, particularly of the cavities.

Inspecting the rightmost panel of Figure 9, we note that
regions having the largest values of o are those for which there
are likely multiple unresolved velocity components. This map
is then a useful tool to search for expanding structures. We find
that cavities A and D display broad multiple profiles
(40-50 km s_l) while cavities B and C, as well as most of the
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nebula, display comparably narrower profiles (20-30 kms ™).
The dispersions found in cavities A and D are comparable to
the expansion velocities found by H. Yang et al. (1996),
Vexp ~ 40 km s~ 1. The dispersions found elsewhere are com-
parable to the contribution from gravitational broadening that
H. Yang et al. (1996) found.

In order to investigate a possible correlation between dif-
ferent line ratios and the velocity features seen here, we
compare the velocity and dispersion maps in Figure 9 with the
excitation-sensitive emission-line ratios in Figure 5, particu-
larly the log([S 1]/Ha) and log([O 1i]/HB) maps. The
log([O m]/Hp) ratio is sensitive to the radiation field and
metallicity, while log([S m]/Ha) is sensitive to shocks.
Comparing these excitation maps to the velocity dispersion
map, we see that the SNR M33-16 stands out in both the
dispersion and log([S 1]/Ha) maps.

Other high-dispersion features do not exhibit similarly high
values of log([S 11]/Hca) that are indicative of shocks. For
instance, cavities A and D show relatively low values of
log([S 1]/Ha), but higher values of log([O 111]/HG). The low
log([S 11]/Ha) values in this cavity do not suggest that it is
powered by SNRs (although SNRs in superbubbles would be
hard to detect until the shocks have hit the superbubble walls;
Y.-H. Chu & M.-M. Mac Low 1990). Instead, this area appears
to be expanding; the velocity map shows a dipole of blue-
shifted and redshifted portions of the cavity. Most of the
ionizing O-type and WR stars are located below this cavity in
cavity A, and it could be their stellar winds powering the
dynamics in this cavity (R. Tiillmann et al. 2008).

Finally, there is a peculiar portion of gas to the southeast
that exhibits coherent velocities. This region exhibits mild
velocity dispersions but has log([S 11]/Ha) values consistent
with the bulk of NGC 604, so shocks are not likely driving this
motion. Additionally, the low log([O 11]/H/3) values indicate
that there is not a population of ionizing stars with strong
stellar winds driving the motion either. J. Maiz-Apelldniz et al.
(2004) suggested, based on BPT diagrams, that the nebula is
density-bounded to the west. Perhaps this is a resulting
champagne flow (G. Tenorio-Tagle 1979), where stellar
feedback is blowing out material along the path of least
resistance.
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6. The Importance of Spatially Resolved Data

The observations presented here of NGC 604 provide
insight into this GHIIR at 3 pc scales, revealing a complex
structure characterized by changes in ionization and affected
by internal feedback. What do we gain from observing GHIIRs
on such fine spatial scales? The first and most obvious gain is
that we can observe the complex structure of the ionized gas in
relation to its morphology and the physical feedback effects of
the stars. For example, we have found two individual sources
within the H 11 region, a known SNR M33-16 and a mysterious
point source. Both of these only contribute ~1% of the light to
the integrated spectrum, and their presence would be missed
entirely without spatially resolved information. Using the
emission lines, we have found arc structures indicative of
shocks, changes in the ionization state of the gas, and potential
density fluctuations.

Despite the detection of shocked features, our emission-line
diagnostics show that the gas is predominantly photoionized.
We would expect to see shock excitation given the young,
intense star formation and consequently outflowing gas.
However, when we analyze the shock-sensitive [S11]/Ha
maps, we do not find regions that appear particularly shock-
excited, suggesting that stellar winds and supernovae have not
yet come to dominate the kinetic energy of the
GHIIR (G. Tenorio-Tagle et al. 1996). To detect the shocks,
we likely require higher spectral resolution data. The SN 3 data
cube used a resolution of only R = 2900 corresponding to a
Av~100kms~'. Previous studies have measured line-split-
ting occurring at Av~60kms ' (G. Tenorio-Tagle et al.
2000) requiring R 2 5000. With such data, one could decom-
pose the emission-line components to obtain separate and more
accurate line ratios. This technique is especially useful for
isolating shock-excited emission (e.g., J. A. Rich et al.
2011, 2014), which, in the present study, would otherwise be
lost among more dominant components from photoionization.

The detailed chemical and ionization structure observed
here would naturally be lost if we imaged NGC 604 on larger
spatial scales or with an integrated spectrum. We illustrate the
latter in Figure 10, which shows several of the emission-line
ratios discussed here. The violin plots display the observed
distribution in each map, while the diamonds represent either
the integrated spectrum presented here (blue diamond) or those
reported in the literature. We see that the line ratios showing
the strongest variations are those that are excitation- or
ionization-sensitive, i.e., [OI]/HG, [NI]/He, [ST]/He,
0O3;, and O3N2. The largest variations between the median and
the integrated spectra are in Oz, and O3N2 of up to 0.95 dex.
Meanwhile, the abundance-sensitive line ratios of R,; and
N202 fair much better, with a 0.1 dex and 0.2 dex variation,
respectively. As mentioned in Section 4.4, this manifests the
robustness of these two indices against ionization variations.
Interestingly, the density-sensitive [SII] ratio shows the least
variation between methods, indicating that integrated or long-
slit spectra are sufficient to measure the electron density of an
H1I region, even in GHIIRs. The cause of the consistent dif-
ference in the N2S2Ha index is unknown, which cautions
against using this index.

How do these line ratio variations translate into abundance
and ionization parameter variations? To answer this question,
we applied the abundance and ionization calibrations listed in
Section 3.2, applied them to the spectra of J. M. Vilchez et al.
(1988), C. Esteban et al. (2009), and N. S. J. Rogers et al.
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Figure 10. Violin plots comparing the effects of resolution on particular line
ratios. The gray violins show the distributions observed in the maps. The
diamonds indicate integrated emission-line ratios observed in this paper and
from the literature (J. M. Vilchez et al. 1988; J. Maiz-Apellaniz et al. 2004;
C. Esteban et al. 2009; N. S. J. Rogers et al. 2022) indicated in the legend; the
blue diamond is the integrated value reported in Section 3, while the red
diamond is the median. The diamonds have been horizontally offset by
arbitrary amounts in some cases to aid readability.

(2022), and compared them to our integrated abundances and
ionization parameters reported in Table 2. For all of the
abundance indicators, we found only variations on the order of
0.2 dex, comparable to the statistical uncertainties of the
individual calibrators. The only exception was for the Ry3
calibration of L. S. Pilyugin & T. X. Thuan (2005), where the
variations amounted to a maximal difference of 0.35 dex. The
large difference found here can likely be explained by the
empirical nature of this calibration; strictly speaking, only data
similar to the data used to construct the calibration should be
applied.

However, the largest variations were found in the ionization
parameter. The largest difference from our integrated value
was between C. Esteban et al. (2009) and N. S. J. Rogers et al.
(2022) of a ~0.8dex difference. Interestingly, the O3N2
R. A. Marino et al. (2013) calibration does not result in a
similarly large abundance variation despite its sensitivity to the
ionization state. These three long-slit spectra likely target
regions of NGC 604 with similar ionization states and mildly
different abundances, resulting in a smaller range of abun-
dances. Thus, while it seems that abundances can still be
robustly estimated with spatially limited data, measurements
of the ionization parameter require spatially resolved data to
account for variations.

Finally, we issue a word of caution toward other potential
spatially resolved observations, such as those collected with
IFUs on JWST or the SDSS Local Volume Mapper (N. Drory
et al. 2024). Strong-line abundance calibrations cannot be used
on the individual spaxels of spatially resolved data. Many of
these calibrations are statistical relations between integrated
HIl regions or whole galaxies (e.g., M. Pettini &
B. E. J. Pagel 2004; L. S. Pilyugin & T. X. Thuan 2005;
R. A. Marino et al. 2013). Others are based on theoretical
models that assume photoionization is the dominant excitation
process (e.g., S. S. McGaugh 1991; H. A. Kobulnicky &
L. J. Kewley 2004; M. A. Dopita et al. 2016; L. J. Kewley
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et al. 2019); photoionization dominance may not be the case on
small scales. Additionally, these calibrations work because
they are underpinned by well-tested assumptions about how
the oxygen abundance changes with the ionization parameter
(e.g., X. Ji & R. Yan 2022; R. Garner et al. 2025) and the
nitrogen abundance (e.g., D. C. Nicholls et al. 2017;
D. A. Berg et al. 2020). Both assumptions only hold for
integrated HII regions, not for individual spaxels of a single
H I region, such as the case here with NGC 604. Thus, while
one can input spaxel line ratios into these calibrations and
receive an oxygen abundance, the resulting oxygen abundance
is meaningless, and interpretations should be taken with
extreme caution.

7. Conclusions

In this work, we have analyzed the physical properties of the
giant H1I region NGC 604, the most luminous and massive
GHIIR in the Local Group after 30 Doradus. We acquired the
data with CFHT imaging Fourier transform spectrometer
SITELLE (L. Drissen et al. 2019), which provides a spatial
resolution of ~3.2pc and a spectral resolution ranging from
R = 1020 in the blue to R = 2900 in the red. Since NGC 604 is
located in the larger Field 1 of M33 (S. Tuquet et al. 2024;
S. Duarte Puertas et al. 2024) with an area of 121 arcmin®, we
were able to study the whole spatial extent of NGC 604 down
to a flux level of 2 x 1077 ergs ' cm™2 or a total area of
1.825 arcmin®. This comprehensive coverage allowed us to
fully explore the excitation, ionization, and potential abun-
dance variations across the entirety of the nebula for the first
time. Our main conclusions are summarized below.

1. Using the integrated spectrum of NGC 604, which shows
strong optical lines as expected, we estimated the dust
extinction (Ay=0.3), the SFR (0.018 M, yr™!), the
mass of the ionized gas (9 x 10° M..), and the stellar
mass (2.3 x 10° M..), all comparable to previous ima-
ging studies. We also utilized strong-line ratios to
investigate the integrated excitation and abundance
properties of NGC 604. These confirmed that NGC 604
is primarily excited by OB stars and has mildly subsolar
oxygen abundances and mild ionization parameter.

2. Turning to the spatially resolved data, we constructed
maps of several parameters and line ratios. Investigating
the maps of excitation-sensitive line ratios ([N 1I]/Hc,
[S1]/He, and [O111]/HS) shows a bright, high-excita-
tion core near the central stellar cluster surrounded by a
dim, low-excitation halo. Several discrete sources, which
are undetectable in the integrated spectrum, are easily
found in these maps, such as SNR M33-16 (e.g.,
S. D’Odorico et al. 1980) and a mysterious point source
embedded in the nebula to the south. Constructing the
standard BPT diagrams, we see that our integrated
spectrum is more representative of the entire excitation
structure  than previous long-slit  spectroscopic
measurements.

3. We then turn our attention to how line ratios usually used
to measure abundance and ionization in integrated
spectra of H1I regions vary across NGC 604, a first for
this nebula. Using several strong-line ratios, including
the R,3, O3,, O3N2, N2S2Ha, and N202, we see strong
variations across the region. To interpret these variations,

16

Garner et al.

we construct “residual” maps by subtracting the inte-
grated line ratio from each map. After accounting for
data uncertainties, we find that most of the variations are
statistically insignificant, and those that remain likely
result from changes in ionization properties rather than
chemical inhomogeneities. We warn the reader about
potential secondary dependencies for each strong-line
ratio that might bias straightforward interpretation.

4. Finally, we present a “holistic”” view of the ionized gas
kinematics of NGC 604 across the entire nebula. We
largely confirm previous studies, particularly those that
investigated the kinematics of the four large cavities. For
instance, cavities A and D have large velocity disper-
sions, likely indicative of split-line profiles that are
unresolved in our data. We connect the dispersions to our
excitation-sensitive line ratio maps, indicating that most
of the dispersion does not appear to be driven by shocks
but rather by stellar winds and photoionization.

Overall, our results are consistent with previous studies of
NGC 604; however, our study expands the view and provides
new insights into its abundance and ionization structure. We
stress the importance of spatially resolved studies, especially
of nearby H1I regions, in order to explore the full ionization
and abundance structure, which will aid our interpretation and
assumptions about extragalactic HII regions where we do not
necessarily have spatially resolved information. As a con-
cluding remark, this research is only a first step. SIGNALS has
many more giant H I regions like NGC 5461 and NGC 5471 in
M101, which are the two brightest after NGC 604, and many
others in Local Group galaxies such as IC 1613 and
NGC 4395. However, these are at lower spatial scales due to
their larger distances but have been observed at higher spectral
resolutions. A future paper will compile a similar spatial
analysis of these giant H II regions, expanding our insights into
the ionization and abundance structure of these complex
regions.
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Appendix
Flux Maps

The flux maps for all of the emission lines used in this paper
are shown in Figure 11. Emission lines from the same filter
have been fit simultaneously using routines in ORCS applied to
all of the spaxels individually. The subtraction of the galaxy
stellar population spectrum along the line of sight for each
spaxel was done (see, e.g., S. Tuquet et al. 2024; S. Duarte
Puertas et al. 2024 for more information). The correction for
internal extinction has not been applied to this figure. All
spaxels have been kept regardless of signal-to-noise ratio.
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Figure 11. Flux maps of the emission lines at NGC 604. Each line is labeled at the top left and is presented using the same scaling. An internal extinction correction

has not been applied. North is up, and east is to the left.
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