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Abstract

We present a spatially resolved spectroscopic analysis of the Helix Nebula (NGC 7293) using data from the SDSS-V Local Volume Mapper
(LVM) by applying the recently developed LVM Data Analysis Pipeline (LVM-DAP). Covering the full optical range (3600-9800A) over a
contiguous ~ 0.5° field, the LVM data provide the first hexagonally sampled wide-field emission line maps of all major ionic species in this
archetypal planetary nebula. The resulting flux, kinematic, and line-ratio maps reveal the well-known ionization stratification of the nebula,
from the compact He*™ core to the bright [O 111] ring and the extended low-ionization envelope, enabling a detailed comparison with the
classical aperture spectroscopy. Owing to the sensitivity and uniform spatial sampling of the LVM, numerous faint auroral and diagnostic
lines are detected across the nebula, including [O 111] 4363, [N 1115755, and He | lines, allowing for precise measurements of the weak-line
morphology. The derived radial trends confirm the remarkably low dust content and overall homogeneity of the electron temperature and
density across the main ring. lonized-gas kinematics traced by Ha further support the scenario of a slowly expanding, limb-brightened
shell, consistent with previous studies. This study demonstrates the diagnostic power of LVM spectroscopy for extended nebulae and
highlights its capability to recover both global and spatially resolved physical conditions across complex ionized structures.

Resumen

Presentamos un analisis espectroscopico espacialmente resuelto de la Nebulosa de la Hélice (NGC 7293) con datos del SDSS-V Local
Volume Mapper (LVM), procesados con el LVM Data Analysis Pipeline (LVM-DAP). Cubriendo 3600-9800 A sobre un campo contiguo de
~ 0.5°, el LVM provee de los primeros mapas de lineas de emisién de campo amplio, muestreados hexagonalmente, de las principales
especies ionicas en esta nebulosa planetaria arquetipica. Los mapas de flujo, cinematica y cocientes de lineas revelan la estratificacion
de ionizacién desde el nicleo compacto de He** hasta el anillo brillante de [O 111] y la envoltura extendida de baja ionizacidn, permitiendo
una comparacion detallada con datos de espectroscopia clasica de apertura. Gracias a la sensibilidad y al muestreo espacial uniforme
del LVM, se detectan en toda la nebulosa numerosas lineas débiles, incluyendo [O 11114363, [N 1115755 y He I, lo que permite medir con
precision la morfologia de lineas débiles de esta nebulosa. Las tendencias radiales confirman el contenido de polvo notablemente bajo y
la homogeneidad global de la temperatura y densidad electronicas en el anillo principal. La cinematica del gas ionizado trazada por Ha
apoya el escenario de una envoltura en lenta expansion realzada en los bordes, en acuerdo con estudios previos. Este trabajo demuestra
el poder diagnéstico de la espectroscopia obtenida por el LVM en nebulosas extendidas y su capacidad para recuperar condiciones fisicas
globales y espacialmente resueltas en estructuras ionizadas complejas.
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1. INTRODUCTION rich emission-line spectra that provide key diagnostics of physical

conditions, ionization structures, and chemical enrichment.

Planetary nebulae (PNe) represent the late evolutionary stages of ~ Among the nearest and best-studied examples is the Helix Nebula
low- and intermediate-mass stars (1-8 M), tracing the transition ~ (NGC 7293), whose proximity (~215 pc; Harris et al. 2007) and
from the asymptotic giant branch (AGB) to the white dwarf phase.  large angular size (~16’ x 12") make it an ideal benchmark for
During this phase, material ejected from the stellar envelope
becomes ionized by the increasingly hot central star, giving rise to
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testing spatially resolved photoionization models and plasma
diagnostics with high sensitivity.

The Helix has been the subject of extensive spectroscopic
investigations over the past five decades, covering the optical,
ultraviolet, infrared, and radio regimes. Early studies by Warner
& Rubin (1975) and Hawley (1978) established its basic ionization
stratification and provided the first integrated measurements
of key diagnostic lines such as [O111]5007, [N11]6583, and
[S11]6716,6731, relative to HB. These efforts revealed a relatively
low-ionization nebula with strong [N 11] and [O 1] emission in
the outer zones and a prominent [O 111] emission in the central
regions, reflecting a significant contribution from partially ionized
gas.

Subsequently, Leene & Pottasch (1987) conducted long-slit
optical spectroscopy across several positions, demonstrating the
strong radial variation of excitation conditions, and elemental
abundances. Their results confirmed that helium and oxygen
abundances are relatively uniform, while nitrogen and sulfur
exhibit gradients consistent with ionization stratification rather
than true chemical inhomogeneity!. The improved spatial
sampling of O’Dell (1998), using narrow-band imaging and region-
integrated spectra, revealed substantial structural complexity and
confirmed the coexistence of multiple ionization regimes within
the nebula, associated with the bright inner ring and fainter outer
arcs.

A more quantitative abundance analysis was later provided
by Henry et al. (1999), who presented high-quality optical line
ratios from three distinct slit positions. Their work remains
the reference dataset for chemical abundances in NGC 7293,
establishing characteristic values of 12 + log(O/H) ~ 8.7 and
He/H ~ 0.11, comparable to solar abundances but with mild
nitrogen enhancement, which is typical of Type II PNe. These
studies collectively defined the observational framework against
which new, spatially resolved surveys can be compared.

Beyond optical spectroscopy, a wide variety of multi-wavelength
observations have further characterized the Helix Nebula. Bublitz
et al. (2022) analyzed the molecular and CO chemistry in the
outer envelope, tracing the survival of dense knots and their
connection to photodissociation regions (PDRs). Etxaluze et al.
(2014) presented Herschel submillimeter and far-infrared spectra,
detecting lines such as OH*, CO, and [N 11]205um, which probes
the transition from ionized to molecular gas. The series of
studies by Meaburn et al. (1992, 2005, 2008) and Walsh &
Meaburn (1987) focused on kinematics and line profiles (He,
[N11]), providing detailed insight into the three-dimensional
morphology and velocity field of the nebula, albeit without
comprehensive line intensity catalogs. More recent works, such
as Iskandarli et al. (2024) and Estrada-Dorado et al. (2025), have
revisited the properties of the hot central white dwarf and its
UV spectrum, while Andriantsaralaza et al. (2020) explored
related modeling approaches to planetary nebulae evolution.
Together, these studies emphasize that the Helix remains one
of the most comprehensively observed planetary nebulae across
the electromagnetic spectrum, yet systematic, wide-field optical
mapping of its ionization structure is still limited.

Recent wide-field spectroscopic facilities now enable complete,
contiguous mapping of extended nebulae with high spatial and
spectral fidelity. The Local Volume Mapper (LVM), one of the
SDSS-V surveys (Kollmeier et al. 2025; Drory et al. 2024), provides
an unprecedented opportunity to revisit nearby planetary nebulae

!t is worth noticing that this may be due to the use of ionization correction factors
to account for the unobserved ions, which may depends on the degree of ionization.
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such as the Helix with integral field spectroscopy over degree-scale
field. In this work, we present an analysis of the Local Volume
Mapper of the Helix Nebula included in the recent SDSS-V 19th
Data Release (DR19 SDSS Collaboration et al. 2025), emphasizing
the spatially integrated emission-line ratios and their comparison
with canonical optical datasets. By benchmarking the LVM
measurements against legacy studies from Warner & Rubin (1975)
to O’Dell (1998) and Henry et al. (1999), we evaluate both the
consistency of derived physical conditions and the extent to which
large-scale integral field observations can capture the complex
ionization structures of nearby planetary nebulae.

We should highlight the uniqueness of the LVM IFU, which
with an angular size of ~0.5" covers almost the Helix Nebula in a
single pointing, sampling it with ~1750 fibers of 35.5” /diameter
(~0.037 pc at the distance of the object). Furthermore, we should
note that the analyzed frame is just one of the several exposures
that the LVM is taking on this target, which, when combined, will
provide much deeper (higher S/N) data that will be delivered to
the public in future data releases.

The structure of this article is as follows: in § 2 we describe the
LVM observations and data-reduction procedures. § 3 describes
the analysis performed, including a brief description of the LVM
data analysis pipeline (LVM-DAP), placing an emphasis on the

modifications adopted since the previous version (Sanchez et al.

2025). The implemented 2nd order sky correction and the
selection of a final sample of high-quality emission lines (golden
sample) are described in § 3.1 and § 3.2. The main results of this
analysis are presented in § 4, including a description of (i) the
distributed dataproducts (§ 4.1), (ii) the integrated and spatially
resolved flux intensities of golden sample emission lines (§ 4.2
and § 4.3, respectively), (iii) the radial distribution of the absolute
flux intensities (§ 4.4) and their relative values with respect to
Hf(§ 4.4.1), (iv) the ionized gas kinematics (§ 4.5), and (v) the
average properties of the stellar population captured within the
field-of-view (§ 4.6). The results are discussed in § 5 and the main
conclusions of this study are presented in § 6.

2. DATA

The dataset analyzed in this work corresponds to a single pointing
of the Helix Nebula (NGC 7293) obtained by the LVM during its
commissioning phase at the Las Campanas Observatory in Chile
on the night of September 4, 2023. This pointing, identified by
the codes MJD = 60191 / Exposure= 4297, was part of the 19th
public Data Release (DR19 SDSS Collaboration et al. 2025) of the
SDSS-V project (Kollmeier et al. 2025) 2.

The instrumental configuration of the LVM comprises an IFU
array fed by four Alt-Az telescopes, one dedicated to science
data acquisition (T1, feeds the ultra-wide IFU, 1801 fibers),
two monitoring the sky towards East and West (T2 and T3,
59 and 60 fibers, respectively), and one more for observing
spectrophotometric calibration stars (T4, 24 fibers). The IFU
array consists of DESI-110 like spectrographs covering the 3600 to
9800 A wavelength range with a spectral resolution of R ~ 4000
at Ha. Each spectrograph utilizes a dichroic system to split each
fiber beam into three wavelength channels: (b) blue, from 3600 to
5800 A, (1) red, from 5750 to 7570 A, and (z) infrared, from 7520 to
9800 A. The ultra-wide IFU provides detailed spectral and spatial
coverage of the survey targets.

The LVM survey Data Reduction Pipeline (DRP; Mejia-Narvaez
et al., in preparation) follows the procedures described by

2https://www.sdss.org/dr19/lvm/
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Figure 1. Color image created combining the WISE W4 (22 um, red),
W3 (12 u, green) and W2 (4.6 um, blue) band images covering ~0.65° size
centered in Helix Nebula (i.e., a similar FoV of the images explored by
O’Dell 1998). The footprint of the LVM science IFU fibers included in
the exposure delivered in the SDSS DR19 is represented by a set of semi-
transparent white circles. The white points indicate the locations of the
regions previously explored in the literature. The regions discussed by
O’Dell (1998) are represented by numbers: (1) ‘middle’, (2) ‘transition’, (3)
‘ring, and (4) ‘arc.” Finally, the regions discussed by Henry et al. (1999) are
labeled with the same letters adopted in that article.

Sanchez (2006). The pipeline is based on the PY3D reduction
package, originally developed for the CALIFA survey (Husemann
et al. 2013). Initially implemented in Python 2.7, the code has
been upgraded to Python 3.11, and supplemented with dedicated
routines specifically designed to address unique characteristics
and requirements of the LVM dataset. The current dataset was
reduced using DRP version 1.1.1.

Primary processing by the DRP consists of nine stages.

. preprocessing of raw data frames;

. identification and tracing of fiber spectra on the CCDs;

. extraction of spectra;

. wavelength calibration and linear resampling of spectra;

. differential correction for fiber-to-fiber transmission

variations;

. flux calibration using data from T4;

7. combination of the three spectral channels into single
spectra;

8. night sky background subtraction using data from T2 and
T3;

9. computation of astrometric solution using data from guiding

cameras.

wm A W

=)}

Throughout the entire reduction process, uncertainties are
consistently propagated at every stage.

The final product of this reduction process is a FITS file
containing a set of row-stacked spectra corresponding to each
LVM pointing, where every row represents an individual science
fiber. Separate extensions store the flux intensity, the associated
estimated uncertainty, and supplementary information such as
the final wavelength solution, the line-of-sight instrumental
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velocity dispersion (for each fiber and wavelength), masks for
bad pixels, flags identifying broken or low-quality fibers and the
estimated sky spectrum. An additional extension includes the
spatial mapping of each science fiber on the sky (the position
table), derived from the astrometric solution, together with further
metadata for each fiber (e.g. additional quality masks). This FITS
file® constitutes the input for the data analysis pipeline, which is
described in the following sections.

Figure 1 illustrates the exact location of the pointing in the
sky and the field-of-view (FoV) covered by the LVM science
Integral Field Unit (IFU). The figure comprises a three-color
image covering a ~0.65° size square area centered on the Helix
Nebula, with a similar coverage as the observations discussed
by O’Dell (1998). The image was created by combining the W4
(22 um, red), W3 (12 um, green) and W2 (4.6 um, blue) band
images obtained by the Wide-field Infrared Survey Explorer (WISE
Wright et al. 2010), which were obtained using the Hierarchical
progressive surveys tool (HIPS Fernique et al. 2015)*. The LVM
science fibers included in the exposure analyzed in this study
are shown as a set of semi-transparent white circles overlaid
on the image. The location of broken/low-quality fibers and
the incomplete coverage of the hexagonal IFU FoV is clearly
visible in the figure as empty spaces between the fibers. Finally,
we highlight the location of regions previously discussed in the
literature for future discussion (O’Dell 1998; Henry et al. 1999).
Figure 1 clearly shows that most of the extent of the Helix Nebula
is covered by the actual pointing, however, the coverage is not
100% complete. There are low intensity regions that are clearly
outside the footprint of the explored pointing.

3. ANALYSIS

We apply the LVM Data Analysis Pipeline (LVM-DAP) to the
Helix nebula pointing described above. The LVM-DAP was
presented and described in detail in Sanchez et al. (2025), and
it was distributed publicly °. We present here a brief summary,
highlighting the modifications introduced since it was first
presented. An updated schematic of analysis flow performed
by the LVM-DAP is shown in Fig. 2.

The LVM-DAP employs the spectral fitting algorithms
implemented in PYFIT3D (Lacerda et al. 2022), a Python 3
package designed to decouple and extract the physical information
associated with both the stellar and ionized gas components in
integral-field spectroscopic (IFS) data. The LVM-DAP follows
the general structure of PYPIPE3D (Sanchez et al. 2016; Lacerda
et al. 2022), with specific adaptations to the characteristics of the
LVM observations, including the spectral resolution, wavelength
coverage, and in particular the nature of the stellar component
sampled by each resolution element (fiber). Each individual
fiber spectrum is analyzed independently, without spatial binning,
ensuring that the spatial information inherent to the LVM’s ultra-
wide IFU is fully preserved.

The first stage of the analysis focuses on characterizing the
stellar continuum. This is achieved by fitting each observed
spectrum with a linear combination of templates from a library
of RSP (resolved stellar populations). In contrast to the usual
analysis performed using other tools such as PYPIPE3D, PPXFS or
STARLIGHT (Lacerda et al. 2022; Cappellari & Emsellem 2004;
Cid Fernandes et al. 2011), which are based on the stellar synthesis

3https://dr19.sdss.org/sas/dr19/spectro/lvm/redux/1.1.1/0011XX/11111/60191/lvmSFrame-000
04297 fits
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Figure 2. Updated scheme of the LVM-DAP analysis flow for a single fiber spectrum, including the main procedures: (i) derivation of the non-linear
parameters of the stellar spectrum (v, , o, and Ay , ), (i) parametric derivation of the properties of the ionized gas emission lines (EL), including the
flux intensity (fgy), velocity (vgr,) and velocity dispersion (o), (iii) stellar component synthesis, i.e., decomposition into a set of RSP templates, and
generating a model of the stellar spectrum, (iv) non-parametric derivation of the properties of the emission lines, including the equivalent width for
each emission line (EWgy ), and (v) a re-evaluation of the parametric derivation of the emission lines. The last two analyses were performed over a
so-called gas-pure spectrum, that is, the residual of subtracting the stellar component model from the original spectrum. RND and LM stand for the two
methods included in pyFIT3D to fit the parametric models to the EL, as explained in the text. Black boxes indicate in which extension of the DAP data

products files the analysis of each module is stored.

method (Bruzual & Charlot 2003; Conroy 2013), each template
does not represent the integrated spectrum of a single stellar
population (SSP) with a given age, metallicity, and abundance
pattern, formed in a single burst of star formation. The varying
physical size sampled by the LVM apertures, depending on the
distance within the galaxy of the captured targets, and its range
of values (from a few to a few hundred of parsecs), does not
guarantee a full sampling of the mass function. Thus, the basic
hypotheses behind the stellar synthesis method are not guaranteed
(e.g. Cervifio et al. 2013). For this reason we introduced the

use of RSP, a set of stellar templates, each one representative
of a distribution of physical parameters (Teff, log(g), [Fe/H] and
[a/Fe]), characterized by a probability distribution function (PDF),
minimizing and controlling the degeneracies in the space of
observed parameters (i.e., the spectra). The details of how the RSP
templates are defined and created are also explained in Sdnchez
et al. (2025). For the current analysis we adopted a set of RSP
templates created based on the MasStar stellar library (Yan et al.
2019), classified using the CoSha code (Mejia-Narvaez et al. 2021),
which are distributed in the LVM github repository.
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Two distinct RSP template libraries are employed in the
LVM-DAP. The first one, optimized for efficiency, is used to
derive the non-linear parameters that characterize the stellar
kinematics and dust attenuation (v,, o,, and Ay ). This first
library is deliberately small to minimize computational cost and
degeneracies, comprising 12 RSP templates in the current analysis.
During this analysis, which performs a pseudo-random brute-
force exploration of the space of the non-linear parameters within
a pre-defined range of values, the strongest emission lines were
masked.

This procedure provides a first/preliminary model of the stellar
spectrum. This stellar model is used to create a continuum-
subtracted, gas-pure spectrum, which is used to create a first
model of the emission lines (following the procedure described
below). This emission line model is then subtracted from the
original spectrum to create a gas-free spectrum. This spectrum is
then fitted using a second, more extensive RSP library, covering
a finer grid of stellar properties and adopting the nonlinear
parameters derived in the first step (comprising 108 templates
in the current analysis). In this way, the best stellar model, the
coefficients of the decomposition, and the light-weighted average
of the stellar properties were derived (see Fig. 2).

The DAP characterizes the emission lines using two
complementary procedures: (i) a parametric Gaussian fitting
of the strongest emission lines, providing integrated flux (Fy,,),
velocity (v,,), and velocity dispersion (o) for each line system;
and (ii) a non-parametric moment-weighted analysis applied
to the large set of emission lines, delivering fluxes, velocities,
dispersions, and equivalent widths (EW). The parametric analysis
comprises 15 emission lines, while the non-parametric analysis
currently including 215 emission lines. In the current version
of the LVM-DAP (v1.1.0), the parametric analysis is performed
twice (contrary to the previously published version Sanchez
et al. 2025): the first time after the derivation of the non-linear
parameters of the stellar population, and the second time after
the derivation of the best stellar model using the full RSP library.
The results of both analyses are stored and delivered separately
in the final dataproducts. On the contrary, the non-parametric
analysis is performed only once, using the best stellar model to
create the gas-pure spectrum and adopting as initial guess values
the results of the 1st parametric analysis (see Fig. 2).

In addition to the double evaluation of the properties of the
emission lines based on the parametric analysis, the current
version of the LVM-DAP has introduced an estimation, for each
explored emission line, of (i) the velocity dispersion in units of km
s71, corrected by the instrumental LSVD provided by the DRP for
each fiber and wavelength, and (ii) the corresponding reduced 2.
These two values are derived for both parametric (2nd evaluation)
and non-parametric analyses. For the former, the y? is derived by
just evaluating the final model using the derived parameters. For
the non-parametric method we assume that the line profile follows
a Gaussian function using the values derived by this procedure.
The results are stored in a new table included in the LVM-DAP
dataproducts, together with the adopted instrumental LSVD for
each emission line.

Prior to running the full fiber-by-fiber analysis, the DAP
analyzes an integrated spectrum obtained by coadding all science-
fiber spectra of the pointing, weighted by their inverse variance.
First, the average redshift/velocity within the considered frame
is derived by performing a cross-matching of the observed
wavelength of Ha and [NII] doublet with their rest-frame
counterparts. This derivation of the velocity is used to readjust
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the range of explored the parameters in any subsequent analysis.
Then, the full analysis described above, following the scheme
outlined in Fig. 2 was applied to the integrated spectrum. The
results of this analysis are used to define reliable initial guesses and
parameter ranges for both the stellar and ionized gas components
for the full analyzed dataset, improving the accuracy and the
stability of the individual fits.

The results of this analysis are presented in Fig. 3. The
integrated spectrum is shown together with the best fit model for
the underlying stellar population and the model for the emission
lines analyzed using the second iteration of parametric procedures.
The spectrum has been divided into the three wavelength ranges
covered by the three arms of the spectrograph, with a set of insets
highlighting (i) the strongest emission lines within the considered
wavelength range, (ii) three particularly relevant wavelength
ranges for the stellar population analysis (centered on the K+H Ca
doublet, HB and the CaT), and (iii) the wavelength ranges
centered on the three most relevant auroral lines ([O 111]4363,
[N11]5755 and [S111]6312). A visual inspection of this figure
clearly highlights the existing problems with the sky subtraction
in the currently released dataset, reduced using DRP version
1.1.1. The multiple apparent absorptions (and emissions) at any
wavelength, but in particular in the regime corresponding to the
infrared arm, are a clear consequence of this problem. This is
significantly improved in the newer versions of the DRP (above
version 1.2.0), currently under development, particularly after
introducing a correction for telluric absorption. This issue is
primarily affecting the stellar continuum, which is very weak
and not very suitable for a proper stellar decomposition. This
will be discussed in the following sections. However, despite
these problems the nebular emission lines analyzed using the
parametric procedure presents a very good S/N and accurate
modeling. Furthermore, even some weak features, such as the
auroral lines shown in the maps, have sufficient signal-to-noise
levels to allow the determination of the physical parameters of
the ionized nebulae (e.g., electron temperature). We should note
here that this distributed dataset corresponds to a frame taken
during the science commissioning of the instrument, when the full
observing procedure (including the sky estimation) adopted along
the formal survey period was still not in place and it was reduced
with an under-development version of the DRP. A spectrum
more representative of the current quality of the LVM data was
presented in Sdnchez et al. (2025), Sattler et al. (2025), Gonzalez-
Tora et al. (2025), Villa-Durango et al. (2025) and Hilder et al.
(2025).

Throughout all steps of the analysis, uncertainties are
propagated via Monte Carlo simulations that perturb the input
fluxes according to the errors provided by the DRP. Thus, for
each of the physical parameters delivered by our analysis, there is
an associated error. How these errors are representative of real
uncertainties is discussed in Sanchez et al. (2025).

3.1. Night Sky 2nd Order Correction

As indicated before, the analyzed dataframe presents some
defects due to imperfect sky subtraction (e.g. Fig. 3). Our
current understanding of this problem is that it arises from a
combination of a problem in the estimation of the night-sky
spectrum itself and an imperfect estimation of the fiber-to-fiber
transmission correction (Mejia-Narvaez et al., in preparation). We
acknowledge this problem in the data reduction applied to the
publicly accessible frame which is indeed properly addressed in
under-development versions of the DRP. For the current dataset
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Figure 3. Integrated spectrum of the Helix Nebula across the entire field-of-view of the analyzed LVM pointing (black solid line), together with the
results from the LVM-DAP analysis, i.e., the best-fitting stellar model (red solid line), the model of the strongest emission lines fitted with Gaussian
functions (blue solid line), the residual after subtraction of the stellar model (cyan solid line), and the combination of both models, including a final
correction to the residual shape (yellow solid line). The first three panels, from top to bottom, display the wavelength ranges covered by the blue (1st
row), green (2nd row), and infrared (3rd row) arms of the LVM spectrograph. The shaded areas indicate the overlapping regions between the arms. The
insets in the two bottom rows show zoom-ins for the selected wavelength intervals. The panels in the 4th row illustrate the quality of the modeling
for the strongest emission lines based on the parametric analysis described in the text. Finally, the bottom row of panels presents three wavelength
ranges (3751-3999 A, 4976-4799 A, and 8451-8699 A) that highlight the specific spectral features discussed in the text. Three additional insets display
close-ups around the auroral lines most commonly used to determine the electron temperature in ionized nebulae: [O 111] 14363, [N 11] 15755, and
[St] 16312. The flux scales in these three insets are identical to facilitate a comparison among the lines. In all panels, orange vertical lines indicate the
emission lines analyzed using the non-parametric procedure described in the text.

we present an a posteriori correction for those emission lines that (0 _pq). For those emission lines in which (i) the median flux
are clearly affected by this issue, which we present here. is above a certain threshold in units of the standard deviation
(n,; this means there is a non-negligible signal) and (ii) the
standard deviation is below an additional threshold, lim, ( to avoid
structure in the detected signal, separating it from a homogeneous
background contribution), we subtract med;_,q from the flux
intensity of the considered emission line for all fibers. The n,
and lim, values (1.5 and 107*3 ergs~' cm~2) were the same for

First, we select two regions within the FoV of the IFU (Dec>-
20.57° or Dec<-21.0° ), corresponding either to areas of low-
intensity (for the strong emission lines) or those that should
corresponds directly to the night sky emission. For each emission

line we deter.mmed the n:ledlan flux 1ntens1.ty (medf —back ) VYltI.HH SWe note that different approches, including the an average and a set of weighted-
these two regions along with the corresponding standard deviation average was explored before deciding to adopt this final approach.
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Table 1. Description of the DAP file containing the dataproducts of the analysis.

HDU EXTENSION # Rows # Columns
0 PRIMARY
1 PT #spec 6
2 RSP #spec 1+ #RSP
3 COEFFS #spec X #RSP 13
4 PM_ELINES #spec X #PM_EL 10
5 NP_ELINES_B #spec 1+#NP_EL_B X8
6 NP_ELINES_R #spec 1+#NP_EL_R x8
7 NP_ELINES_I #spec 1+#NP_EL_I X8
8 PM_KEL #spec X #PM_EL 10
9 ELINES_SIGMA_CHI #spec 2(2#PM_EL+#NP_EL)
10 ELINES_CHI2_AVG 2#PM_EL+#NP_EL 4
11 INFO #param 2

Structure of extensions included in the delivered DAP file, where: (i) #spec is the number of science spectra (or fibers) included in the analyzed Tile or
RSS (row-stacked spectra) frame; (ii) #RSP is the number of templates/spectra included in the stellar library; (iii) #PM_EL is the number of individual
models (emission lines) included in the parametric analysis of the ionized gas emission lines, and (iv) #NP_EL_BAND is the number of emission lines
included in the non-parametric analysis for each BAND (B, R and I) corresponding to each arm of the spectrograph, and (v) #NP_EL is the total number

of emission lines analyzed using the non-parametric procedure.

all emission lines, being selected in an iterative process in which
med_pq Of the corrected lines are minimized.

The described correction was derived for all the emission lines.
However, for only four of the 215 analyzed lines does it produce a
non-negligible effect (i.e., a modification above the noise level):
[N1I]5755, [01]6300, [O1]6364, and HI8665. These lines are
among the most relevant (and well explored in previous literature)
to explore the ionization structure and the physical properties of
the nebula and its physical properties, what justifies the described
correction. Furthermore, it is worth noticing that in the case of
N1I5755, the background bias is not homogeneous across the
FoV, showing a pattern clearly associated to the six fiber-bundles
that configure the LVM science IFU (Herbst et al. 2024). For this
particular case the med;_jq is subtracted only in those regions
in which, a clear background excess intensity is evident.

In Appendix A.1 we show an example of the effect of the
described the correction for a particular emission line.

3.2. Emission lines Golden Sample

Once this correction is performed we explore which lines among
the 215 analyzed were detected above the background noise.
For doing so we select two circular apertures of 3’ located at (i)
the central region of the nebula (-20.775° , 337.450°), and (ii) a
region corresponding to the brightest area of the nebular ring
(-20.850°,337.400°). These two areas are selected acknowledging
the different spatial distribution expected for different emission
lines arising from different ionizing regions within the nebula. We
then obtain the median flux intensity in both apertures (med;_,.;),
together with the integrated flux intensity and its corresponding
error across the entire FoV. We mark as good detections those
emission lines in which (i) med;_,, >1.50;_pq for any of the
considered regions, and (ii) the integrated flux intensity is at
least three times its error (~3c detection). These dual criteria are
selected to guarantee not only a sufficient S/N in the integrated
quantities, but that the detected flux corresponds to areas actually
covered by the nebula. A total of 54 emission lines fulfill both
criteria (i.e., ~26% of the original analyzed set of emission lines).
We define this sub-set as our emission line golden sample.
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4. RESULTS

4.1. DAP dataproducts

The main result of this exploration is the set of dataproducts
derived by LVM-DAP for the analyzed exposures. These
dataproducts are delivered as a multi-extension FITS-file (the
DAP file®), comprising a set of FITS-tables in which there are
stored the different parameters (and errors) for each science fiber,
and some additional extensions comprising relevant information
about the analyzed the pointing and parameters adopted during
the analysis.

The format has already been described by Sanchez et al.
(2025). For the currently delivered data product, each extension
comprises (i) the header of the original dataframe for traceability
(PRIMARY), and a set of FITS tables including (ii) the mapping
or position table of each science fiber on the sky (PT), (iii) the
luminosity weighted average values of the physical properties of
the stellar component derived by the stellar decomposition process
(RSP), (iv) the actual weights obtained in this decomposition
required to reconstruct the stellar spectral model and generate
the PDF of the stellar properties (COEFFS, and the properties
of the emission lines derived by (v) the 1st analysis using the
parametric fitting process (PM_ELINES), (vi) the non-parametric
procedure, separated in each spectrograph arm (NP_ELINES_B,
NP_ELINES_R and NP_ELINES_I, (vii) the 2nd analysis using
the parametric procedure (PM_KEL), (viii) the velocity dispersion
corrected by instrumental resolution in km s~ and the reduced y?
of the fitting to each emission line (ELINES_SIGMA_CHI), (ix) the
actual instrumental resolution correction applied and the average
reduced y? for each analyzed emission line (ELINES_CHI2_AVG),
and finally (x) a table including all the configuration parameters
adopted to run the LVM-DAP in the current analysis (INFO).

Table 1 summarizes the format of the delivered DAP file,
describing the size of each extension. It is important to note that
all tables included in each extension containing dataproducts (all
but PRIMARY and INFO) contain a column with a unique key (id)
built using the exposure number of the observed frame (EXPNUM,
4297 in this particular case), and the identification number of
the analyzed fiber in the original SLITMAP extension provided
by the DRP (FIBERID). This way, id = EXPNUM.FIBERID, is

6https://ifs.astroscu .unam.mx/LVM_DR19_Helix/Helix_DR19_new.dap.fits.gz
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Table 2. Integrated flux intensities of the Helix Nebula emission line golden sample.

Name Al flux? ‘ name Al flux? ‘ name Al flux?
[OI1] 3726.03 46934 + 4.7 [Fell | 447491 99.1 +18.3 Hel 6678.15 1284 + 3.4
[OI1] 3728.82 6142.6 +4.4 Hell 4685.68 248.1 + 3.5 [SII] 6716.44 403.2+4.2
HB 3797.90 2282477 [ArIV] 471133 27.9+26 [SIT] 6730.82 290.0 + 1.8
Hel? 3819.61 154.7 +29.2 Hel 4713.14 18.8 +2.8 Hel 7065.19 85.3+2.0
HI? 3835.38 249.7 +19.9 HB 4861.36 2382.1 +7.8 [ArIII ] 7135.80 560.9 + 1.5
[NellI | 3868.75 2100.8 + 6.0 [o11] 4958.91 3690.3 + 83.9 [O11] 7318.92 131.6 +34
Hel? 3888.65 6374+ 3.4 [o11] 5006.84 11820.9 + 25.5 [Call] 7323.88 75.0 +£2.9
HI3 3889.05 6134+ 34 [NI] 5197.90 126.6 + 2.0 [O11] 7329.66 116.0 + 2.4
Hel® 3964.73 72.1+3.5 [NI] 5200.26 146.7 + 2.0 [ArIII ] 7751.06 163.7 + 4.7
[NellI ]3 3967.46 752.4 + 2.9 Hell 5411.52 159+ 4.6 Hell 8236.77 11.3+1.6
Call® 3968.47 633.9 + 3.1 [Fell ] 5412.64 14.8 £+ 4.6 HI 8239.24 6.9+1.7
He3 3970.07 463.4 + 3.0 [NII | 5754.59 120.2 + 3.2 HI 8598.39 14.0 + 2.0
Hel 4026.19 78.0 +£10.2 Hel 5876.00 460.2 + 2.6 [CT] 8727.13 37.1+4.7
Hé 4101.77 642.9 +4.6 [OI] 6300.30 854.6 + 7.0 HI 8750.47 59.0 £ 2.0
Hy 4340.49 1067.1 + 54 [OI] 6363.78 283.2 +15.5 HI 8862.78 59.8 +4.1
[OIII ] 4363.21 51.9+74 [NII ] 6548.05 3717.6 + 68.8 [SIII ] 9069.00 169.1 + 3.2
Hel 4471.48 1449 + 7.6 [NII ] 6583.45 11206.8 + 22.8 HI 9229.02 62.9 + 0.7

(1) Wavelength is expressed in A; (2) flux intensity is expressed in 10713 ergs~! cm~2. All fluxes are based on the LVM-DAP non-parametric analysis;
(3) Emission-lines which a y? three times larger than the average, which flux derived using the non-parametric procedure has to be taken with care, as
it could be blended with other nearby emission lines or night-sky residuals.

a unique identification key for a particular fiber corresponding
to a particular location in the sky observed in a particular LVM
exposure. Using this id it is very easy to either combine the
content of the different tables, using it as a key parameter to join
columns, and/or combine the dataproducts derived from different
exposures. For instance, to create mosaics, as those shown in
Figures 8 to 11 of Drory et al. (2024), or to combine dithered
observations.

In addition to the standard DAP file, we deliver the result
of the background correction described in § 3.17. Contrary to
the previous file this comprises a single FITs table in which the
unique id described before is included, along with the RA and Dec
describing the position of the fiber in the sky, and the corrected
flux intensities of the considered emission lines. We should stress
that this is not a standard LVM-DAP product as the implemented
a posteriori correction would not be required when the updated
version of the DRP is implemented.

4.2. Integrated emission line fluxes

As indicated in § 3 the analysis that comprises the LVM-DAP is
first applied to an inverse-variance weighted integrated spectrum
(see Fig. 3). This procedure provides same set of parameters
included in the DAP-file described in § 4.1 for this integrated
spectrum. However, due to the weighting procedure those values
may not be directly adopted as a good representation of the real
integrated properties of the considered exposure, in this particular
case of the Helix Nebula. A better set of values is obtained by
coadding the flux intensities included in the different emission
line extensions included in the DAP file (see Table 1).

Table 2 lists the integrated flux intensities derived from
this analysis. There are few studies that report the absolute
integrated fluxes for this nebula, and certainly none that provides
measurements for the complete list included here. Early
observations using narrow-band imaging reported an integrated
flux for [OIII] and HB of F([OIII]15007) = 19.4 x 107X and
F(HB) = 3.37 x 107 ergcm™2s7! (O’Dell 1998), superseding

7https://ifs.a\stroscu .unam.mx/LVM_DR19_Helix/Helix_DR19_cor fits.gz

04

an earlier measurement of F(HB) = 4.5 X 107 ergcm=2s7! by
O’Dell (1962). For these two emission lines, our LVM integrated
spectrum yields F([OIII]15007) = 11.82 x 107 ergecm=2s!
and F(HB) = 2.38 x 107 ergcm™2 571, respectively. Thus, the
LVM absolute fluxes are lower than the historical full-nebula
values by ~ 39% for [OIII] 5007 and ~ 29 — 47% for HB. On
the other hand, the line ratio derived using the LVM values,
F([O1II] 15007)/F(Hp) = 4.96 is within the two historical values,
4.3 and 5.8, differing by only ~ 15%. The LVM-IFU FoV, with a
hexagonal area of ~0.45°2, covers most of the optical extent of
the nebula, and certainly the brightest regions. However, it is
still smaller than the area covered by the discussed narrow-band
images: a rectangular FoV of ~0.65° size (O’Dell 1998), covering
an area of ~1.17°2 (i.e., ~2.6 times larger). Besides that, the filling
factor of the LVM-IFU, considering fibers of 35.3”, is ~83%. The
combined effect of a smaller FoV and the non-complete filling
factor may well explain this discrepancy.

A rough estimation of the flux lost due to these effects could be
obtained by comparing the integrated flux of the WISE W3-band
image included in Fig. 1 with the one observed through the LVM
science fibers. The emission at ~12um traces the Ha luminosity,
following a correlation that it is frequently used to explore the
integrated SFR in galaxies (e.g. Leroy et al. 2021; Colombo et al.
2025). This correlation holds irrespective of the photoionizing
source, as the physical nature of the connection between both
emissions is the same: the ultraviolet emission that produces
the ionization is the one that it is reprocessed and emitted at
FIR because of dust. Based on this analysis we estimate ~31%
of lost flux, which is reasonably in agreement with the reported
discrepancy.

The values reported in Table 2 correspond to the non-parametric
analysis, a procedure that it is not optimized to handle the possible
contamination by nearby blended emission lines or night-sky
residuals. We have labeled all those lines that could be affected
by this effect in Table 2, based on the y? of the comparison of the
gas-pure spectra with a Gaussian model created using parameters
derived from the non-parametric procedure. This effect may be
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more pronounced for weak emission lines located near much
stronger ones (e.g. CalI3968 instead of He). The reported fluxes
for these lines should be considered carefully.

4.3. Spatial distribution of the ionized gas

Figure 4 shows the flux intensity maps of the 20 brightest emission
lines included in the golden sample defined in § 4.2 and listed
in Table 2 (for the remaining lines, the maps are included in
Appendix A.2). The observed spatial distributions reveal the
complex ionization structure of the Helix Nebula, highlighting the
characteristic morphology produced by the interaction between
the ionizing radiation from the central star and expanding nebular
gas. The overall appearance of the nebula is dominated by a
bright annular structure encircling a lower-surface-brightness
core, which is surrounded by fainter, more diffuse emission
that extends into the outer halo. The different emission lines
display distinct spatial morphologies, reflecting the stratification
of ionization states within the nebula.

Maps of different Balmer lines (for example, Hae HfS, Hy
and He), which trace the distribution of the ionized hydrogen,
effectively delineate the full extent of the ionized gas. Their
relatively smooth brightness across the main ring indicates that
the Balmer emission primarily arises in regions of moderate
ionization, where hydrogen is almost fully ionized; however,
helium is only singly ionized. The strong contrast between the
bright inner ring and the fainter outer halo suggests that the
density of the ionized gas peaks within this structure, which likely
represents the intersection of a moderately inclined ionization
front with the plane of sky.

The [O 111]5007 emission, the brightest emission line among
those observed in the LVM dataset, displays a slightly concentrated
distribution toward the inner portions of the main ring. This
behavior reflects the dependence of the O** ion on the availability
of photons with energies above 35 eV (Osterbrock & Ferland 2006),
which are abundant near the central star (Osterbrock & Ferland
2006; O’Dell 1998; Meaburn et al. 2005; O’Dell et al. 2007). The
resulting [O 111] morphology thus traces zones of high excitation,
corresponding to gas fully ionized in hydrogen and helium but
not yet depleted of O** through further ionization. The enhanced
[O 111] emission observed in the inner parts of the ring likely marks
the transition between the He** and He™* regions, where the local
electron temperature reaches its maximum as a result of efficient
photoelectric heating, and reduced cooling efficiency. Similar
distributions are observed in other high excitation emission lines,
like [Ar IIT]7136, [S IIT]9069, or [S IIT]9531.

In contrast, emission lines like [N 11]6583, [O11]3727, and
[S11]6717,31, highlight the low-ionization structures that lie
at and beyond the main ring (e.g. Meaburn et al. 2005). For
these emission lines the brightest regions are found along the
outer boundary of the [O111] bright ring, where the ionization
front is tangential to the line of sight. Nitrogen, oxygen and
sulfur are singly ionized in these regions (e.g. N*), coexisting,
most probably, with neutral He and partially ionized H. The
enhancement of [N II] emission along filamentary features and
knot-like structures, described by O’Dell (1998), suggests the
presence of dense condensations that are externally photoionized
and shielded from the most energetic photons, leading to the
observed sharp transition between the high- and low-ionization
zones.

The Hell4686 line outlines a compact, centrally concentrated
region surrounding a hot central star. Similar patterns are
found for the other He1r lines included in the golden sample
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(HelI5411 and HelI8237), despite being considerably weaker.
This morphology indicates that the emission originates within
the He** zone, where helium is fully ionized by photons with
energies exceeding 54.4 eV (e.g. Osterbrock & Ferland 2006). The
circular symmetry of the Hell distribution, and its confinement
well inside the [O111] ring, support the scenario in which the
ionizing continuum is dominated by a very hot central star whose
hard radiation field maintains a small but bright He** volume
in the inner nebula (O’Dell 1998; O’Dell et al. 2007; Henry et al.
1999). The relative faintness of this feature compared to other
emission lines, like [O 111], Hor or Hf is consistent with the limited
solid angle subtended by this high-excitation core (Gruenwald &
Viegas 1992; Tylenda et al. 2003).

Finally, the Hel6678 emission line delineates the region
of intermediate ionization between the compact He** core
and the low-ionization peripheries. This line arises from the
recombination of singly ionized helium and trace zones where
hydrogen was fully ionized. However, helium remains only
partially ionized (e.g. Osterbrock & Ferland 2006). Its morphology
closely follows that of Balmer lines, but it peaks slightly inward,
indicating the spatial extent of the He* zone produced by photons
with energies between 24.6 and 54.4 €V (e.g. Peimbert & Torres-
Peimbert 1983; Benjamin et al. 1999). The smooth distribution
of Hel emission across the main ring suggests that most of the
nebular volume is maintained in this intermediate ionization state,
consistent with a central star that provides a hard, yet not extreme,
ultraviolet radiation field. The relative strength of HeI6678 further
supports a He*/H* abundance ratio of about 0.1, typical of a
nebula where helium is nearly fully ionized throughout the main
body (Benjamin et al. 1999; Peimbert et al. 2017). Indeed, this was
the helium abundance reported for the Helix Nebula in previous
studies (Kingsburgh & Barlow 1994).

In addition to the dominant bright annular structure discussed
above, the emission line maps in Fig. 4 reveals two secondary
morphological components. First, a fainter but clearly defined
inner ring-like feature is visible in some of the strongest emission
lines, including Ha, HB, and [O 111]5007. This structure delineates
the boundary of the central cavity surrounding the hot central star
and is interpreted as the inner edge of the ionized shell, where
the line of sight becomes tangential to the cavity wall. The second
distinct feature is the low-ionization "arm"” located in the north-
western quadrant of the nebula, which stands out prominently
in the [N 11]6583, [011]3729, and [S11]6716,6731 doublet. This
structure traces material at larger radii than the main [O 1] ring
and is consistent with externally illuminated, lower-excitation gas
associated with the outer ejected layers of the nebula. Itsenhanced
low-ionization emission suggests higher local densities and partial
shielding from the hardest ionizing photons, conditions that favor
the survival of N*, O*, and S* ions. Both structures have been
reported and discussed in earlier studies of the Helix (e.g. O’Dell
1998; Henry et al. 1999; Meaburn et al. 2005).

In summary, the observed distribution of the discussed
emission lines demonstrates that the spatial morphology of the
Helix Nebula arises naturally from its three-dimensional
ionization structure (O’Dell 2005). The emission-line
stratification reflects both the spectral hardness of the central star
and the projection of the ionization front through a geometrically
thick inclined disk-like shell. These features are consistent
with a photoionization-dominated nebula where variations in
local density and geometry modulate the observed brightness
distribution across different ionic species, as already discussed in
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Figure 4. Example of the analysis performed by LVM-DAP to recover the properties of the ionized gas emission lines. Each panel shows the distribution
across the FoV of the LVM IFU of the flux intensity estimated by the weighted-moment procedure for the 20 brightest emission lines shown in the
integrated spectrum of the Helix Nebula(Fig. 3). The emission lines are ordered from the brightest (top left) to the faintest (bottom right). The legends
in each panel indicate the emission lines. The remaining detected emission lines are shown in Appendix A.2

previous studies (e.g. O'Dell 1998; Henry et al. 1999; O’Dell et al.
2007).

4.4. Radial distribution of emission line fluxes

In previous sections we have determined that the nebula presents,
to first order, a spherical ionization structure, with a central
ionizing source (a PN hot star). Therefore, it should be well
characterized by the radial distribution of the observed emission
lines. Figure 5 (left panel) shows the azimuthally averaged radial
profiles of the flux intensities for a representative subset of the
emission lines. These profiles were obtained by deriving the mean
and standard deviation of the fluxes within a set of circular annuli
of 0.5’ width centered at the location of the central white dwarf

that ionizes the nebula. For all lines (and line ratios), there is a

very small dispersion around the mean value at any radial distance.

This feature, per se, strengthens the proposed scenario in which
the ionization structure is well represented by a spherical, highly
symmetrical distribution.

The radial behavior of the Balmer lines (Ha, HfS, and Hy)
closely follows the overall surface brightness of the nebula, with
a broad maximum corresponding to the main ring and a smooth
decline toward the inner cavity and outer halo. This morphology
confirms that the hydrogen recombination emission traces the
full extent of the ionized gas, as discussed in § 4.3. The gradual
variation of their intensities with radius indicates that the ionized
hydrogen remains nearly homogeneous within the main ring,
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Figure 5. Radial profiles of the azimuthally averaged flux intensities in each fiber in absolute values (left-panel), and relative to Hf (right-panel), for a
sub-set of the emission lines analyzed along this study. The filled region in each profile corresponds to the standard deviation across the radial bin of
0.5’. Each emission line is represented by a different color and hash style. The sub-set comprises both prominent hydrogen recombination lines (He,
Hp, Hy), and key collisional excited transitions ([O 11]3737, [O 111]5007, [N 11]6584, [SI1]6731, [Ar111] and [S I11]9069,9531) that trace the ionization
structure of the nebula. The profiles reveal the characteristic bright main ring around ~5'-7’ and the decline toward the outer halo, highlighting the
differences in excitation between high- and low-ionization species. Similar structure is seen in Fig. 4.

consistent with a photoionization-dominated structure in which
density variations dominate over temperature gradients (e.g.
O’Dell 1998; Henry et al. 1999; Meaburn et al. 2005; O’Dell et al.
2007).

High-ionization species such as [O 111]5007 or [S111]9069,9531
exhibit more peaked profiles toward the inner portions of
the nebula (with [O111]5007 being the most centrally peaked
emission). Their maxima occur at smaller radii than those of the
Balmer lines, confirming the strong excitation gradient inferred
from two-dimensional maps. This concentration reflects the
dependence of the O** and S** ions on photons with energies
above ~35 eV (assuming a constant gas density), which are
abundant only close to the central star (Osterbrock & Ferland
2006; O’Dell 1998). The smooth decline of these lines outward
suggests a gradual softening of the radiation field with increasing
distance, as the high-energy photons are absorbed by the inner
gas layers (e.g. Mellema 1995; Schonberner et al. 2005).

In contrast, low-ionization lines such as [N 11]6583, [0 11]3729,
and [S11]6731 peak at larger radii, delineating the ionization
front at the outer boundary of the main ring (consistent with the
distribution shown by the Balmer lines). Their enhanced emission
coincides with the regions where the ionization front becomes
tangential to the line of sight (e.g. O'Dell 1998), as seen in spatial
maps (Fig. 4). These lines trace ionized zones with a low degree
of ionization, where N, O, and S are singly ionized and coexist to
a large extent with neutral helium, as described in the imaging
analyses of O’Dell (1998) and the spectroscopic studies of Meaburn
et al. (2005); O’'Dell et al. (2007). The contrast between the inner
[O 1] maximum and the outer [N 11]/[S 11] enhancement reflects
the classical ionization stratification expected in a photoionized
shell illuminated by a hot central star (e.g. O’Dell et al. 2007).

The Hell4686 line shows a compact distribution with a sharp
central maximum, confirming its origin within the innermost
He** zone (O’Dell 1998; Henry et al. 1999; O’'Dell et al. 2007). On
the other hand, intermediate-ionization species such as Hel6678
display radial profiles that peak well beyond those of the Hel14686
and the Balmer lines, consistent with emission from the He*
zone that fills most of the nebular volume (e.g. Peimbert & Torres-
Peimbert 1983; Benjamin et al. 1999; Peimbert et al. 2017). The
agreement between these radial trends and the morphological
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patterns described in the previous section demonstrates the
consistency between the integrated and spatially resolved analyses,
reinforcing the hypothesis of a nearly spherically symmetric
ionization structure.

4.4.1. Emission line fluxes relative to Hj3

The right panel of Fig. 5 displays the corresponding line ratios,
normalized to Hp, as a function of radius for the same emission
lines shown in the left panel. As in the case of the fluxes
themselves, the line ratios present a very small azimuthal
dispersion around the mean value at each radial distance. This
supports the scenario in which the ionization presents a spherical
structure.

The Balmer ratios (Ha/HS, Hy/HB, and H§/HB) remain
remarkably constant as a function of the radius across the entire
nebula. The absence of significant radial variations indicates that
internal dust extinction within the ionized shell is either extremely
low or uniformly distributed. This behavior is consistent with
earlier optical analyses of the Helix Nebula, which also found
negligible or spatially uniform reddening (e.g. O’Dell 1998; Henry
et al. 1999; Meaburn et al. 2005).

Because the intrinsic Case B Balmer ratios are only mildly
sensitive to density and temperature in the typical nebular regime,
the observed flatness of the radial profiles suggests that the
physical conditions throughout the ionized gas do not exhibit
extreme variations—of at least one order of magnitude—on the
spatial scales probed by the LVM ultra-wide IFU. A detailed
determination of the temperature and density structures is beyond
the scope of this study. We will address this in future studies using
additional pointings obtained by the LVM survey of the Helix
Nebula (Orozco-Duarte et al., in preparation).

Beyond the Balmer emission lines, the remaining line ratios
displayed in the right-hand panel of Fig. 5 reveal systematic radial
trends that mirror the ionization stratification already identified
in the two-dimensional maps (§ 4.3) and in the flux profiles of
the left panel. High ionization ratios, such as [O 111]5007/HS,
exhibit a pronounced peak toward the inner regions, reflecting
the concentration of O** in zones exposed to the hardest radiation
field near the central star. This behavior is fully consistent with
the compact morphology of He 11 14686 and with the enhanced
[O 111] emission inside the main ring. The gradual decline of these
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Figure 6. Spatial distribution of the Ha velocity (left-panel) and velocity dispersion (right-panel) derived using the 2nd parametric analysis of the
emission lines by the LVM-DAP for the analyzed Helix Nebula dataset. The velocity map shows a blue-/red-shift pattern with a maximum absolute
velocity coincident with the highest velocity dispersions, in agreement with an spherically expanding shell.

ratios with increasing radius, sharper for the He line, indicates a
softening of the ionizing continuum as high-energy photons are
progressively absorbed in the inner nebular layers, as described
above.

Intermediate-excitation ratios, such as He116678/HfS or
[Armr]7136/HB, show a broader plateau across the main
ring, reaching their maximum, where the He* zone is most
extended. Their slow radial variation reflects the fact that these
ions dominate over a large volume of the nebula, consistent
with the relatively smooth morphology observed in their two-
dimensional maps. On the contrary, low-ionization ratios, such
as [N11]6583/HB, [O11]3727/HfB, and [S11]6717,6731/Hp, rise
steeply toward outer nebula, peaking just beyond the [O111]
bright ring. This behavior echoes the enhancements seen in their
spatial maps, where these lines trace the edge of the ionization
front and the clump-dominated low-ionization structures. The
outward increase in these ratios reflects the transition from
hydrogen-ionized gas to partially ionized or neutral material and
confirms the classical ionization stratification of Helix Nebula.
The coincidence of their maxima with the projected location of the
ionization front agrees with earlier studies that associate these low-
ionization lines with dense knots and filamentary structures in
the outer ring, as discussed previously (e.g. O’Dell 1998; Meaburn
et al. 1992).

4.5. lonized gas kinematics

Figure 6 shows the observed velocity® (vy,) and velocity-
dispersion (o, ) maps derived for the Ha emission line, extracted
from the 2nd parametric analysis of the emission lines described
in § 3, which traces the bulk kinematics of the ionized gas
throughout the inner 40" of the Helix Nebula. The line-of-sight
velocity map reveals a smooth, large-scale gradient with a clear
redshifted-blueshifted symmetry along a preferential axis. This
structure is consistent with the projection of a slowly expanding,
moderately inclined shell, as previously inferred from long-slit
spectroscopy and Fabry-Perot interferometry (Meaburn et al.
1992; Walsh & Meaburn 1987; O’Dell 1998). The approaching
(blueshifted) region lies to the northwest, whereas the receding
(redshifted) region extends to the southeast, consistent with earlier

8not corrected by Heliocentric velocity
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determinations of the nebula’s orientation and dynamical axis
(e.g. O’'Dell 1998; Meaburn et al. 2005). The measured velocity
amplitudes, ~33 kms™!, align with previous estimates for the
global expansion of the ionized shell (Henry et al. 1999; O’Dell
et al. 2004), confirming that the Helix remains a relatively low-
velocity, evolved planetary nebula.

The Ha velocity-dispersion map, once corrected by the intrinsic
velocity dispersion as described in § 3, shows enhanced values
toward the inner cavity and along the brightest sections of the
main rings. Lower dispersions were observed in the outer regions.
These narrow line widths (typically oy, ~10-15 kms™) are
consistent with thermal broadening at electron temperatures of
T, ~10*K plus a modest contribution from unresolved turbulent
motions, matching previous detailed studies (Henry et al. 1999;
O’Dell et al. 2007). Slightly broader profiles in the inner regions
coincide with the line-of-sight integration of the front and back
sides of the expanding shell, an effect commonly observed in
planetary nebulae with hollow or cavity-type geometries (e.g.
Gruenwald & Viegas 1992; Tylenda et al. 2003).

The combined velocity and dispersion maps support the
interpretation that the Helix Nebula traces the limb-brightened
edges of a thick, slowly expanding, quasi-spherical bubble(e.g.
O’Dell et al. 2007). This dynamical structure is a natural outcome
of the canonical interacting stellar wind model for planetary
nebulae, in which fast winds from the hot central star sweep up
the previously ejected AGB envelope into an expanding ionized
shell (e.g. Osterbrock & Ferland 2006). The velocity field extracted
from Ha mirrors the signatures expected from such a geometry:
redshift-blueshift symmetry, enhanced line splitting toward the
nebular center, and moderately increasing dispersions where the
shell is intersected along longer sight-lines. These properties are
in strong agreement with classic kinematic analyses of the Helix
and other evolved nebulae (e.g. O’Dell 1998; Meaburn et al. 2005;
O’Dell et al. 2007).

The kinematical patterns recovered from the LVM data closely
resemble those reported in earlier high-resolution optical studies,
including the global expansion velocity of ~20-30 kms™, the
inclination of the ring-like structure, and the mild internal
turbulence inferred from linewidth (Walsh & Meaburn 1987;
Meaburn et al. 1992, 2005). The excellent agreement demonstrates
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Figure 7. Distribution across the FoV of the fibers in which the stellar
spectra have a S/N>5 at ~5500 (solid stars) together with the Ha intensity
map (already shown in Fig. 4) in arbitrary units, which was used as spatial
references. The size of the stars corresponds to the S/N, ranging from ~5
for the faintest ones to ~30 for the brightest. The central star of the Helix
Nebula has a S/N just above 5.

that the wide-field LVM observations reliably capture the large-
scale dynamical structure of this prototypical planetary nebula.

4.6. Stellar population content

As summarized in § 3, and described in detail in Sanchez et al.
(2025), the LVM-DAP models the stellar spectra by decomposing
them into a set of RSP templates, stellar spectra characteristic of a
particular distribution of physical properties that minimize the
degeneracies among them. This type of analysis provides reliable
results when the signal-to-noise ratio reaches a certain threshold
that depends strongly on the number of templates considered in
the decomposition. For the currently assumed RSP library, which
comprises 108 templates, this minimum S/N is ~40-50, based
on simulations (Sanchez et al. 2025). Below this threshold, the
procedure provides a model for the underlying stellar component;
however, the estimated physical parameters are not completely
reliable. Nevertheless, the configuration adopted for the current
analysis performs this decomposition when S/N>20. Below this
limit, if S/N>1, the procedure only looks for the single RSP that
best fits the underlying continuum. In other cases, the underlying
continuum is ignored in the analysis.

The LVM exposure analyzed along this study, centered on the
Helix Nebula, was acquired during the science commissioning
explorations with the main aim of exploring the ionized ISM,
and it was never intended to obtain high-quality S/N spectra
of the stellar content in the (projected) vicinity of the nebula.
Thus, neither the central ionizing star nor the field stars present
a particularly high S/N. Figure 7 shows the distribution within
the FoV of the 22 fibers in which the stellar spectra have S/N >5
at 5000A for the analyzed dataset. Only four of them present a
S/N >25, and none are sufficiently bright to provide reliable
decomposition of the stellar content. In particular, the fiber
covering the central star presents a low S/N, ~6.

Nevertheless, as the main purpose of the current exploration
is to provide a showcase of the analysis provided by the LVM-
DAP, describing the content of the dataproducts presented in
§ 4.1, we present here the results of the stellar decomposition
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Figure 8. Probability distribution function of the physical properties of
stars (T, s, log(g), [Fe/H] and [c/Fe]) for the full RSP template comprising
108 RSPs (black contours), together with the same distribution for the
four stars in the FoV with a S/N>25 (see Fig. 7 based on the DAP analysis.
Each panel shows the PDFs for a pair of physical properties: T,y r-log(g)
(top-left); [Fe/H]-log(g) (top-right); T, s s-[a/Fe] (bottom-left) and [ot/Fe]-
[Fe/H] (bottom-right). In each panel, each successive contour corresponds
approximately to 1, 2, and 3. The histograms in the top and right panels
show the projected PDFs for each parameter. The luminosity-weighted
values for each of the four stars are represented by blue stars.

for the four fibers with higher S/N. Figure 8 shows the PDF of
the stellar properties derived combining the results of the DAP
decomposition for these spectra, projected in the log(g)-Teff, log(g)-
[Fe/H], [ct/Fe]-Teff, and [a/Fe]-[Fe/H] planes, are compared with
the distribution for the full MaStar stellar library (as described
in Sanchez et al. 2025). The luminosity-weighted average values
for the four fibers are included for comparison. We should stress
that this stellar component corresponds to field stars that we
cannot confirm to be related in any way with the studied nebula,
and that the results, due to limited S/N values are not reliable.
Therefore, we refrain from making any discussion or extracting
any conclusion on the results presented. For an example of a direct
connection between the stellar component and the ISM observed
by LVM, we refer the reader to Villa-Durango et al. (2025). In
this recent study, the authors illustrate the power of these data,
unveiling the spatially resolved interplay between ionized gas,
molecular material, dust, and stellar content in the Rosette Nebula
across large angular scales.

5. DISCUSSION

The single exposure taken by the LVM of the Helix Nebula
distributed in the SDSS DR19 provides one of the deepest and most
spatially complete optical spectroscopic data sets ever obtained
for this object. A particularly compelling demonstration of the
capabilities of the survey is the detection of faint auroral and high-
excitation diagnostic lines across a very large field of view. Figure 9
illustrates this clearly, showing a direct comparison between the
spatial distribution of bright nebular lines such as [O 111]5007,
Ha, [N11]6583, and the much weaker counterparts [N 11]5755, He
and [O111]4363. These lines typically reach intensities of ~0.5-2%
of Hp in classical long-slit observations, and in some cases even
lower, making them notoriously difficult to measure reliably over
extended regions. Nevertheless, both bright and weak lines trace
a similar distribution within the nebula.
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Figure 9. Left-panel: Distribution of the fluxes recovered by the DAP for the [O 111] 15007 (blue), Ha (green), and [N 11] 16583 (red) strong emission
lines using the non-parametric analysis for the analyzed pointing on the Helix Nebula. Right panel: Similar distribution as the one shown in the left
panel for the [O 111] 24363 (blue), He (green), and [N 11] 15755 (red) weak emission lines. The fluxes are displayed using arbitrary intensity scale chosen
to enhance contrast, using the same scaling for the three emission lines considered in each figure.

Table 3. Emission line fluxes across the Helix Nebulae: comparison with the literature.

Emission Line (1) O’Dell (1998) Henry et al. (1999) LVM pointing
(A) €] 2 (3) (€] A) (B) © (Integrated)
[O11] 3727 103 143 328 674 188 518 718 454.8
He 114686 61.2 45.6 20.3 4.6 8.9 33 0.46 10.4
[O111] 4959 259 293 284 190 209 167 81 155.0
[O111] 5007 754 841 818 551 714 507 309 496.2
[N11] 6548 40.4 331 77.1 186 81 150 280 156.1
Ha 6563 270 281 278 288 272 286 284 277.1
[N11] 6583 74.1 100 243 575 250 465 842 470.4
[S1] 6717 3.1 4.0 4.9 12.6 3.6 9.2 22 16.9
[S1] 6731 2.1 2.7 34 8.9 2.6 6.6 16 12.2
[O1] 6300 2.6 6.3 9.1 22.5 35.9!
[O1] 6363 0.8 2.8 3.3 7.9 11.9¢
He15876 10.0 12.5 14.7 18.2 15 17 17 19.3

Fluxes are normalized to H3=100 10713 ergs~' cm~2. (1) Emission lines possible affected by imperfections in the sky subtraction, as discussed in the

text.

Figure 9 shows that both [O111]4363 and [N11]5755 are
coherently detected even in regions where the surface brightness
drops by several orders of magnitude relative to the bright central
ring for the strongest lines (e.g. [O11]5007). This spatial
robustness, not achievable with earlier slit- or aperture-based
studies, is essential for constraining temperature variations and
potential small-scale thermal inhomogeneities throughout the
nebula (e.g. Kreckel et al. 2024; Sattler et al. 2025; Sarbadhicary
et al. 2025, Méndez-Delgado et al., in preparation; Egorov et al.,
in preparation; Singh et al., in preparation). The recovery of
such weak features across more than thousands of independent
fibers results from the combination of wide-field IFU coverage
(~0.45°%), the size of the fibers projected in the sky (~35.3"), stable

spectrophotometric calibration, accurate sky subtraction intrinsic
to the LVM instrument and survey design, and the capabilities of
DRP. This is achieved despite the remaining imperfections of the
sky subtraction, as discussed in § 3. The ongoing improvements
in the development of the DRP suggests not only the resolution of
this issue but also a clear improvement in the final depth achieved
by the same observations (Mejia-Narvéez et al. in preparation).
As indicated in the manuscript, several previous observations
have explored the Helix Nebula, using narrow-band imaging
and focused slit-spectroscopy. Table 3 provides a quantitative
comparison between the LVM line ratios and a subset of those
published in classical studies (e.g. O'Dell 1998; Henry et al. 1999).
We should recall that the exact location from which those values
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were extracted was already shown in Fig. 1. Overall, the LVM
values fall within the range spanned by previous measurements,
despite the large diversity of apertures, slit widths, and extraction
geometries employed in the historical literature, particularly when
the spatial (radial) variations of the different line fluxes (and
ratios) are considered (e.g. Fig. 4 and 5). For example, the LVM
[0 111]5007/HS ratio lies between the inner and outer apertures
reported by O’'Dell (1998), consistent with the fact that the LVM
footprint covers both high- and intermediate-ionization zones,
projected on the sky. Similarly, the intensities measured for
[O11]4363 and [N 11]5755 agree with earlier determinations by
Leene & Pottasch (1987) and Henry et al. (1999), validating the
accuracy of the LVM flux calibration even at levels 100-1000 times
fainter than the Hp level.

Where differences appear, they are clearly attributable to spatial
variations within the nebula and to differences in the apertures
and their locations in classical studies. Earlier spectroscopic
measurements were obtained through narrow slits or small
circular apertures, sampling either the inner cavity or the bright
ring, whereas the LVM ratios represent area-averaged values
over a large, contiguous hexagonal footprint. Because the Helix
nebula exhibits strong ionization stratification, the integrated
values naturally differ from those derived from discrete, spatially
limited regions. The systematic behavior observed in Fig. 5 and
the comparisons included in Fig. 9 and Table 3 reinforce this
interpretation: lines arising from high-excitation species (e.g.
He,11,4686, [O 111],4363) present lower integrated/average values
across the nebula body (i.e., LVM values) than in the inner-
aperture measurements of O’Dell (1998), whereas low ionization
features (e.g. [N 11,5755, and [O 1],6300) are enhanced compared
to the values obtained from apertures centered on the cavity. This
trend is precisely what is expected for a geometrically thick, nearly
face-on planetary nebula dominated by an ionization-bounded
main ring, which is the general scenario described in this study.

The combined results therefore demonstrate two fundamental
outcomes of the LVM observations: (i) the data reach a depth
and spatial uniformity that allow weak diagnostic lines to be
mapped across the full nebular extent with high fidelity, which
is unattainable in previous optical spectroscopic studies of
NGC 7293; and (ii) the consistency of the LVM line ratios with
historical measurements, once aperture effects are accounted for,
validates the accuracy of the LVM-DRP and confirms that the
Helix Nebula’s canonical ionization structure, as inferred from
decades of long-slit and narrow-band work, is fully reproduced
by the new dataset. These results highlight the unique capability
of the LVM to combine spectroscopic depth with true wide-field
coverage, enabling a comprehensive spatial characterization of
nebular excitation, temperature, and density conditions in a
manner that was not previously possible.

A further strength of this analysis lies in the performance
of the LVM Data Analysis Pipeline (LVM-DAP), which is
specifically optimized to recover both strong and extremely
weak emission features across tens of thousands of independent
spectra. The combination of robust stellar-continuum subtraction,
iterative Monte Carlo error propagation, and dual parametric
and non-parametric emission-line measurements ensures that
faint diagnostic lines, such as [0 111] 4363, [N 11] 5755, and high-
order Balmer lines, are extracted with statistically meaningful
uncertainties, even at very low equivalent widths, as predicted
by Sanchez et al. (2025).These capabilities, combined with the
excellent homogeneity of the spectrophotometric calibration
provided by the LVM instrument, demonstrate that the DAP
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can reproduce the classical nebular diagnostics and significantly
improves the spatial completeness and sensitivity compared to
previous studies.

6. CONCLUSIONS

In this work, we present a detailed spectroscopic analysis of
a single SDSS-V Local Volume Mapper (LVM) pointing of the
Helix Nebula (NGC 7293) obtained during science commissioning.
Despite being acquired in an early phase of operations, and
reduced with a pipeline still under development (Mejia-Narvaez
et al., in preparation), the data demonstrate the remarkable
sensitivity, spatial completeness, and spectrophotometric stability
of the LVM system, enabling a comprehensive view of the ionized-
gas structure across the bright ring, central cavity, and inner halo
of one of the nearest planetary nebulae.

The spatial distributions of the main nebular emission lines
reveal the expected ionization stratification of a photoionized,
moderately inclined shell: high-excitation species such as
[O11]5007 peak in the inner portions of the main ring,
intermediate-ionization tracers such as He,1,6678 follow closely
the morphology of the Balmer emission, and low-ionization lines
such as [N11]6583, [S11]6717,6731, and [O 11]3727 delineate the
outer ionization front, associated knots, and filaments. These
results are fully consistent with classical narrow-band imaging
(e.g. O’Dell 1998; Meaburn et al. 2005; O’Dell et al. 2007) and
provide the first fiber-by-fiber spectroscopic mapping across the
entire nebula.

The radial analysis reinforced the results derived from the
2D maps, with azimuthally averaged flux profiles showing
that each ionic species peaked at the radius expected from its
ionization potential. Balmer lines remain remarkably constant
in their ratios relative to Hg, indicating that dust extinction is
extremely low and spatially uniform, and that the nebular electron
temperature and density vary only modestly across the observed
field. These results echo previous slit-based determinations of the
homogeneous physical conditions in the Helix (e.g. Henry et al.
1999), while offering a panoramic view that is not accessible to
earlier observations.

One of the major capabilities highlighted in this study is the
ability of the LVM to detect very faint auroral lines across the
entire field. The detection of temperature-sensitive auroral lines
on a fiber-by-fiber basis is unprecedented for a Galactic planetary
nebula at this angular scale. The excellent agreement between
our integrated line ratios and those from earlier long-slit studies
(O’Dell 1998; Henry et al. 1999) validates both the data quality
and the performance of the LVM-DAP.

The ionized gas kinematics further support the classical
interpretation of the Helix as a slowly expanding, quasi-spherical
shell whose limb-brightened geometry reproduces both the
velocity pattern and line width distribution observed across the
field. The global kinematic signature agrees with previous Fabry-
Perot and high-resolution spectroscopic studies (e.g. Meaburn
et al. 2005), demonstrating that even in its commissioning stage,
the LVM delivers reliable velocity information at native spatial
sampling.
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Taken together, these results establish the LVM as a
transformative instrument for spectroscopic studies of nearby
extended nebulae. The combination of large areal coverage,
uniform spectrophotometry, and sensitive DAP extraction enables
simultaneous access to bright diagnostics, faint auroral lines, and
spatially resolved kinematics across tens of thousands sightlines.
The present analysis of the Helix Nebula serves as a proof of
concept for the scientific return expected from the full LVM
survey, which will provide an unprecedented census of ionized
gas structures throughout the Milky Way and Local Volume.
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B APPENDICES
A.

A.1. Effects of the 2nd order sky correction

As described in § 3.1 the imperfect sky-subtraction performed
by version 1.1.1 of the DRP produces an overestimation of the
flux intensities for a handful of emission lines for which we
are required to perform an ad hoc 2nd order sky correction.
Figure 10 illustrates this effect on the spatial distribution of the
flux intensities for two different emission lines: [N 11]6548, which
is barely or not affected, and [O 116300, which is clearly affected.
The maps on the top panels are extracted from the original DAP
file °, while those in the bottom panels are extracted from the
file storing the corrected flux intensities '°. Like the rest of the
figures included in this manuscript, this figure was created using
the notebooks included in the GITHUB repository*!.

The imperfect sky subtraction in the upper-left panel produces
a high background intensity that creates an apparently uniform
plateau in the outer FoV regions. Visual inspection of the
uncorrected spatial distributions for the [N 11]6548 and [O I]6300
flux intensities suggests a background excess in the 2nd emission
line. This is confirmed by the exploration of the relative line
ratios with respect to HB, which provide non-physical values
for [01]6300, much larger than the values previously reported
in the literature (e.g. Table 3). In contrast, the distribution of
the corrected flux intensities followed the expected pattern, with
values of the same order as those reported in the literature. We
should stress that (i) this contamination by a non-perfect sky
subtraction affects a very limited number of emission lines that
lie very nearby (or exactly at the same wavelength) of well-known
strong sky emission lines and (ii) the source of this problem has
been identified and corrected in the currently developing version
1.2.0 of the DRP. Thus, we do not expect this effect to be present
in the future data released by the LVM survey.

A.2. Emission line intensity maps

As already indicated in § 4.3, the flux intensities for the 20
brightest emission lines included in the golden sample are shown
in Fig. 4. Figures 11 and 12 show the spatial distribution of the
flux intensities for the remaining 36 emission lines in descending
order of integrated flux intensity. As discussed along the text, the
observed spatial distributions reveal the ionization stratification
of the Helix Nebula: (i) Strong-ionization lines trace mostly
the annular ring, being more peaked at the inner regions, (ii)
Low-ionization lines are distributed along larger radial distances,
following a shallower gradient, and (iii) Emission lines that
require higher excitation energies (e.g. Hell or [FelI]) are
confined within the nebular ring, with a sharp intensity drop.

B. SOFTWARE DISTRIBUTION

In order to facilitate the use the dataproducts delivered by the DAP,
and in particular those delivered in the current exploration, we
deliver the python notebooks used to create all the figures shown
along this manuscript '2. Details on how to read the entire DAP file

9https://ifs.astroscu.unam.mx/LVM_DRl9_IIelix/He]ix_DR 19_new.dap.fits.gz
10https://ifs.astroscu.unam.mx/LVMfDRl 9_Helix/Helix_DR19_cor.fits.gz
Hhittps://github.com/sfsanchez72/Helix_DR19
12https://github.com/sfsanchez72/Helix7DR19
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Figure 10. Comparison between the spatial distribution of the flux
intensities for the [N 11]6548 (left panels) and [O1]6300 (right panels)
emission lines before (top panels) and after (bottom panels) applying the
2nd order sky correction. While the correction has no effect in e [N 11]6548,
it produces a clear improvement for [O I]6300.

into a single astropy Table, how to plot the spatial distribution of
any of the delivered parameters, how to compare between different

procedures adopted to deliver the same parameter or/and how
to handle the RSP PDF are all included as comments within the
code.

C. DATA DISTRIBUTION

Along this study we made use of the reduced LVM observation
on the Helix nebula distributed as part of the SDSS-V DR19 3. As
a result of the analysis performed by the LVM-DAP we distribute
the following dataproducts:

+ DAP file comprising the main results of the analysis as
described in § 3 and Sanchez et al. (2025): https://ifs.as
troscu.unam.mx/LVM_DR19_Helix/Helix_DR19_new.dap
fits.gz

« Spatial distribution of the flux intensities once applied the
2nd order sky subtraction described in § 3.1: https://ifs.astr
oscu.unam.mx/LVM_DR19_Helix/Helix_DR19_cor.fits.gz

D. FACILITIES

This study made use of the LVM facility, an infrastructure
composed of four telescopes connected to three spectrographs
installed at the Las Campanas Observatory, operated by the SDSS-
V collaboration.

Bhttps://dr19.sdss.org/sas/dr19/spectro/lvm/redux/1.1.1/0011XX/11111/60191/lvmSFrame-0
0004297 fits
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Figure 11. Similar figure as Fig. 4, for the subsequent 20 emission lines, ordered by integrated flux intensity.
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Figure 12. Similar figure as Fig. 4 and 11, for the subsequent 20 emission lines, ordered by integrated flux intensity.
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