A&A 670, A125 (2023)
https://doi.org/10.1051/0004-6361/202245072
© The Authors 2023

tronomy
Astrophysics

The need for multicomponent dust attenuation in modeling nebular
emission: Constraints from SDSS-IV MaNGA

Xihan Ji'®, Renbin Yan?®, Kevin Bundy3, Médéric Boquien4 , Adam Schaefer®, Francesco Belfiore®,
Matthew A. Bershady’#2®, Niv Drory'?, Cheng Li'!®, Kyle B. Westfall?, Zesen Lin?>®, Dmitry Bizyaev'?®,
David R. Law!3®, Rogério Riffel'*!9®, and Rogemar A. Riffel!>:16

! Department of Physics and Astronomy, University of Kentucky, 505 Rose Street, Lexington, KY 40506, USA

e-mail: xji243@uky.edu

2 Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong SAR, China

e-mail: rbyan@cuhk. edu.hk

3 University of California Observatories — Lick Observatory, University of California Santa Cruz, 1156 High St., Santa Cruz,

CA 95064, USA

Centro de Astronomia, Universidad de Antofagasta, Avenida Angamos 601, Antofagasta 1270300, Chile
> Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, 85748 Garching, Germany
INAF — Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125 Florence, Italy

South African Astronomical Observatory, PO Box 9, Observatory 7935, Cape Town, South Africa

4

5

6

7 University of Wisconsin — Madison, Department of Astronomy, 475 N. Charter Street, Madison, WI 53706-1582, USA
8

9

Department of Astronomy, University of Cape Town, Private Bag X3, Rondebosch 7701, South Africa
10 McDonald Observatory, The University of Texas at Austin, 2515 Speedway, Stop C1402, Austin, TX 78712, USA
1" Department of Astronomy, Tsinghua University, Beijing 100084, PR China
12° Apache Point Observatory, PO Box 59, Sunspot, NM 88349, USA
13 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
!4 Instituto de Fisica, Universidade Federal do Rio Grande do Sul, Campus do Vale, 91501-970 Porto Alegre, RS, Brazil
15 Departamento de Fisica, CCNE, Universidade Federal de Santa Maria, 97105-900, Santa Maria, RS, Brazil
16 Laboratério Interinstitucional de e-Astronomia — LIneA, Rua Gal. José Cristino 77, Rio de Janeiro, RJ 20921-400, Brazil

Received 27 September 2022 / Accepted 12 December 2022

ABSTRACT

A fundamental assumption adopted in nearly every extragalactic study that analyzes optical emission lines is that the attenuation of
different emission lines can be described by a single attenuation curve, scaled by a single reddening parameter, usually E(B — V).
Here we show this assumption fails in many cases with important implications for derived results. We developed a new method to
measure the differential nebular attenuation among three kinds of transitions: the Balmer lines of hydrogen; high-ionization transitions
(>13.6eV) including [Ne 1], [O111], and [S111]; and low-ionization transitions ($13.6eV) including [O11], [N11], and [S11]. This
method bins the observed data in a multidimensional space spanned by attenuation-insensitive line ratios. Within each small bin, the
variations in nebular parameters such as the metallicity and ionization parameter are negligible compared to the variation in the nebular
attenuation. This allowed us to measure the nebular attenuation using both forbidden lines and Balmer lines. We applied this method
to a sample of 2.4 million star-forming (SF) spaxels from the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA)
survey. We found that the attenuation of high ionization lines and Balmer lines can be well described by a single Fitzpatrick (1999,
PASP, 111, 63) extinction curve with Ry = 3.1. However, no single attenuation curve can simultaneously account for these transitions
and the derived attenuation of low-ionization lines. This strongly suggests that different lines have different effective attenuations,
likely because spectroscopy at hundreds of parsecs to kiloparsecs of resolution mixes multiple physical regions that exhibit different
intrinsic line ratios and different levels of attenuation. As a result, the assumption that different lines follow the same attenuation curve
breaks down. Using a single attenuation curve determined by Balmer lines to correct attenuation-sensitive forbidden line ratios could
bias the nebular parameters derived by 0.06—0.25 dex at Ay = 1, depending on the details of the dust attenuation model. Observations
of a statistically large sample of H Il regions with high spatial resolutions and large spectral coverage are vital for improved modeling
and deriving accurate corrections for this effect.

Key words. dust, extinction — H1II regions — ISM: lines and bands

1. Introduction

Nebular attenuation' due to dust grains is ubiquitous in astronom-
ical observations. Besides the Galactic extinction, observations

' Throughout this work, we use the word “attenuation” to indicate the
potential presence of complex cloud geometries around the source as
well as the scattering of light into and out of the line of sight. While the
word “extinction” describes the simpler scenario where there is effec-
tively a dust screen between the observer and the foreground source.

of emission lines from extragalactic H IT regions inevitably suffer
from different degrees of intrinsic attenuation inside their host
galaxies. The overall attenuation of the emission is usually
described by a parameterized nebular attenuation curve, whose
shape is determined by the dust composition, grain size distribu-
tion, and geometry. Understanding the attenuation curve is impor-
tant for accurate measurements of fluxes of emission lines and
their derived physical properties, for example, star formation rate,
metallicity, nitrogen-to-oxygen ratio (N/O), ionization param-
eter, among others (e.g., Pagel etal. 1979; Alloin etal. 1979;
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Diazetal. 1991; Thurstonetal. 1996; Dopitaetal. 2000;
Kennicutt & Evans 2012). Its shape also provides information
about the dust sizes and compositions around emission-line
regions (e.g., Spitzer 1978; Draine 2003; Flaherty et al. 2007).
In addition, by comparing the average nebular attenuation curve
with the average stellar attenuation curve, we can gain infor-
mation about the different dust geometries around young stellar
populations and older stellar populations (e.g., Charlot & Fall
2000; Inoue 2005; Chevallard et al. 2013).

Various attempts have been made to measure the nebu-
lar attenuation in both low-redshift and high-redshift emission-
line galaxies (e.g., Reddy & Steidel 2004; Wild et al. 2011b;
Price et al. 2014; Reddy et al. 2020; Rezaee et al. 2021). Many
recent works suggest that the average nebular attenuation
curve found in external galaxies has a similar shape to the
average Galactic extinction curve with some slight differ-
ences (Wild et al. 2011b; Reddy et al. 2020; Rezaee et al. 2021).
Although considerable dispersion around the average curve
depending on galaxy properties is expected (e.g., Zafar et al.
2015; Fitzpatrick & Massa 2007; Salim & Narayanan 2020),
due to the limitations of the methods and samples, this poten-
tial variation has not been investigated in depth so far. Neverthe-
less, there is evidence that simply applying the average Galactic
extinction curve to extragalactic H1I regions is inaccurate as the
residual line ratio between the extinction-corrected data and the
predictions from photoionization models show an unexpected
dependence on the Balmer decrement (see Fig. 14 in Ji & Yan
2022). Furthermore, there could be a bias in the derived attenu-
ation due to the complicated dust geometry, which depends on
the aperture size (Vale Asari et al. 2020).

Most of the current studies on the optical attenuation curve
rely on Balmer lines. In HII regions, the ratios of the intrin-
sic fluxes of Balmer lines are roughly fixed and are rela-
tively insensitive to variations in temperature and density (e.g.,
fluxge /fluxpg = 2.86f8i}§ for an H1I region with ny < 10°cm™
and 5000K 5 T < 20000K, Osterbrock & Ferland 2006).
Therefore, any significant deviation from the theoretical ratios
for Balmer lines can be interpreted as the effect of dust atten-
uation. However, this method can only cover a relatively small
range of wavelength in the optical (roughly 4000-6600 A). Also,
higher order Balmer lines (blueward of Hy with upper levels at
n > 5) are relatively weak in observations, both because they
are intrinsically weak and because they are more attenuated.
In addition, absorption features in the blue part of the optical
spectra add further uncertainties to the measurements of weak
Balmer lines. These make this method inapplicable for a large
number of galaxies whose emission-line spectra have intermedi-
ate to low signal-to-noise ratios (S/Ns). Stacking galaxy spectra
could partly circumvent this problem, but this would also miss a
lot of information about the variation of the nebular attenuation
curve in different galaxies or regions.

Finally, it is often implicitly assumed in extragalactic stud-
ies that all of the other nebular emission lines follow the same
attenuation curve probed by Balmer lines. There are two major
caveats associated with this assumption. First, the attenuation for
emission lines not lying in the spectral range covered by Balmer
lines is not well constrained. Second, this assumption requires
that all emission lines come from the same spatial location and
thus experience the same level of attenuation, whose validity is
rarely carefully evaluated.

Compared to high-order Balmer lines, strong optical-to-
near infrared (NIR) forbidden lines cover a much larger spec-
tral range and are easier to measure. However, the intrinsic
ratios of these lines strongly depend on nebular parameters
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such as the metallicity and ionization parameter. To determine
the intrinsic ratios of attenuation-sensitive forbidden lines, one
has to rely on theoretical or empirical calibrations of nebu-
lar parameters, which could bring large systematic uncertain-
ties since different calibrations generally do not agree with
each other (e.g., Kewley & Ellison 2008; Kewley et al. 2019;
Ji & Yan 2022). The key question is whether it is possible to find
an empirical way to constrain these nebular parameters with-
out specifying their values. One potential and indirect solution
is to compare the attenuated spectra from galaxies with simi-
lar physical properties including redshifts, stellar masses, star
formation rates (SFRs), and so forth, but different degrees of
attenuation. The nebular parameters of these galaxies are likely
similar given the galaxy scaling relations, and thus the differ-
ences in the attenuation-sensitive strong line ratios are likely
mainly driven by dust attenuation. Wild et al. (2011a), for exam-
ple, used a similar pair-matching approach to empirically mea-
sure the stellar attenuation curve in external galaxies. Still, one
needs to be cautious about the scatter in the adopted galaxy
scaling relations and how they transfer into variations in the
galaxy spectra. Also, the uncertainties in the controlled physi-
cal parameters (e.g., stellar masses, SFRs, etc.) require careful
treatments.

In this work, we adopt a slightly different approach by taking
the observed quantities rather than the derived ones as the con-
trolled physical parameters. We start with the assumption that,
within the same observed star-forming (SF) region, all emis-
sion lines follow the same attenuation curve scaled by the same
reddening parameter [Ay or E(B — V)]. By using a 3D line-
ratio space spanned by three attenuation-insensitive line ratios,
[N11]26583/He, [S1]A16716,6731/Ha, and [O mI]A5007/HG,
we constrain the nebular parameters of observed SF spatial pix-
els (spaxels) and thus the intrinsic ratios of forbidden lines. We
show that small regions in this 3D line-ratio space correspond
to a set of nearly constant nebular parameters, including metal-
licity (or O/H) and ionization parameter. In comparison, the
variation of the dust attenuation inside these small regions can
still be significant, driving most of the variations in attenuation-
sensitive line ratios. This allows us to construct relative attenua-
tion curves using a large number of extragalactic SF regions with
detectable strong forbidden lines and the two strongest Balmer
lines, Hao and HB. However, our results show that a single attenu-
ation curve is insufficient to describe all emission lines, meaning
this fundamental assumption of many extragalactic emission line
studies breaks down. Based on our findings, we discuss poten-
tial explanations and suggest ways to move forward for future
emission-line studies.

The layout of this paper is as follows. In Sect. 2, we introduce
the observational data we use. In Sect. 3, we detail the method
we use to measure the nebular attenuation curve. In Sect. 4, we
show our results and compare the attenuation curve we derive
with those in the literature. In Sect. 5, we examine some physical
models and observational effects that could potentially explain
our results. In Sect. 6, we estimate the impact of the line-specific
attenuation on nebular diagnostics. We discuss the robustness
of our method in Sect. 7, and draw our conclusions in Sect. 8.
We also present several tests on different linear regression algo-
rithms and emission line measurements in Appendices A and B.
In Appendix C, we apply our method to a data set with high
spatial resolutions from a single galaxy, IC 342. For conve-
nience, we only show the wavelength of any given forbid-
den line when first introduced, unless there are other emission
lines with different wavelengths but produced by the same kind
of ion.
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2. Data

Our main sample is drawn from the 11th product launch of the
Mapping Nearby Galaxies at Apache Point Observatory survey
(MaNGA, Bundy et al. 2015; Yan et al. 2016a), which is equiv-
alent to the MaNGA products within the 17th public data release
of the Sloan Digital Sky Survey (SDSS DR17, Abdurro’uf
2022). MaNGA is one of the three core programs of SDSS-IV
(Blanton et al. 2017). It collected integral field unit (IFU) data
using the 2.5 m Sloan telescope (Gunn et al. 2006) for over
10000 galaxies at 0.01 < z < 0.14 with a nearly flat stellar
mass distribution in 10° < M,/M, < 10'' (Wake et al. 2017).
Its IFUs are hexagonal bundles of optical fibers with numbers
ranging from 19 to 127 (Drory et al. 2015), and a three-point
dithering scheme was adopted as the main observing strategy
(Law et al. 2015). Meanwhile, MaNGA used another set of small
fiber bundles to target standard stars for flux calibrations, achiev-
ing an absolute calibration uncertainty less than 5% for 8§9%
of the wavelength range (Yan et al. 2016b). The spectra were
obtained through the BOSS spectrographs with a spectral res-
olution of R ~ 2000 and a wavelength coverage of 3622 A <
1 < 10354 A (Smee et al. 2013). The observed spectra were
first reduced by the Data Reduction Pipeline (DRP, Law et al.
2016, 2021a) and then processed by the Data Analysis Pipeline
(DAP, Westfall et al. 2019; Belfiore et al. 2019) to produce sci-
ence products including measurements of emission line fluxes.
Throughout this work, we used the Gaussian fitted emission line
fluxes from the DAP (see Appendix B for the results based on
summed fluxes).

We selected our sample using the optical diagnostic dia-
grams. Specifically, we used the 3D diagnostic diagrams intro-
duced by Ji & Yan (2020), which combines the traditional
[N1]- and [St]-based BPT diagrams (Baldwinetal. 1981;
Veilleux & Osterbrock 1987). The selection function is given by

Py < —1.57P5 +0.53P, — 0.48, 6))
where

Py = 0.63N2 +0.5152 + 0.59R3, 2)
and

Py = —0.63N2 +0.7852. A3)

Here we have used N2,S52, and R3 to denote the decimal log-
arithms of [N1I]/He, [STI]/Ha, and [O111]/HB. Before apply-
ing this criterion, we excluded spaxels that were flagged by the
DAP as problematic or have S/N in He, HB, [O 1], [N 11], [S11],
[011]A23726,3729, or [S1I]A19069,9531 smaller than 3. We
included [O11] and [S1] during the sample selection as they
are important for determining the blue end and red end of the
attenuation curve.

Our selection criterion corresponds to a roughly fixed
fraction of star-formation contribution based on the theoreti-
cal models of Ji & Yan (2020)%. It also allows us to include
some SF spaxels in the outskirt of galaxies that would have
been missed by the widely adopted demarcation lines (e.g.,
Kewley et al. 2001; Kauffmann et al. 2003) based on the 2D dia-
grams. Regardless, we note that our conclusions remain largely
unchanged if we use the traditional demarcation lines for selec-
tion instead. We also tried the empirical selection of SF spaxels

2 We note that limited by MaNGA’s spatial resolution, we cannot select
individual H1I regions. Therefore, each spaxel in our sample showing
ionization compatible with star formation possibly includes multiple
H1 regions and some diffuse ionized regions.

based on gas kinematics (Law et al. 2021b), which again pro-
duced similar results. Our final sample consists of ~2.4x10°
spaxels. Figure 1 shows the distribution of our sample in the 3D
diagnostic diagram. For now we do not apply any further cut to
the data. We check the effect of additional selection criteria on
our results in Sect. 7.5.

Apart from our main sample, we also made use of the
MaNGA observation of a nearby galaxy IC 342, which is one
of the ancillary targets in MaNGA. IC 342 is a nearby (3.3 Mpc,
Saha et al. 2002) massive (M, = 10°% M., Zibetti et al. 2009)
SF spiral galaxy. At the distance of IC 342, MaNGA has a spatial
resolution of ~32 pc, which is much higher than the typical res-
olution of 1-2kpc for the MaNGA main sample. With IC 342,
we checked the attenuation law on scales close to the size of
individual H1I regions. Although we only have one such nearby
target in MaNGA, it provides important evidence on the scale-
dependence of the nebular attenuation law. We show the analyses
of the IC 342 data in Appendix C.

3. Method

In this section we introduce the method we used to measure the
nebular attenuation. For a given emission line with intrinsic flux
fa0, the attenuated flux f) is given by
fi =107 g, “
where A, is the wavelength-dependent attenuation in magni-
tudes. The ratio of two emission lines can then be expressed as

ful fr, = 10708404 1 o/ 0. )

If the intrinsic flux ratio, f),0/f1,0, is known, one can cal-
culate the difference in attenuation between the two emis-
sion lines using the observed flux ratio. In SF HII regions,
the intrinsic flux ratios of Balmer lines are roughly constants
(Osterbrock & Ferland 2006). For example, under the case B
recombination, the intrinsic ratio between the first two Balmer
lines is roughly 2.86. Using the observed fluxes of Balmer lines,
one can then measure the relative attenuation at their wave-
lengths, which is one of the widely adopted methods to deter-
mine the nebular attenuation curve.

Apart from Balmer lines, there are many strong forbid-
den lines from optical to NIR that can be observed in HII
regions, such as [O11]A43726,3729, [O m1]A5007, [N 11]16583,
[S11]226716, 6731, [S11]119069, 9531, etc. The intrinsic ratio
between any two forbidden lines, however, is not a constant and
varies among H I regions. In principle, the intrinsic ratio is set
by the physical parameters of HII regions. To a first approxi-
mation, the variations in the intrinsic line ratios are driven by
the variation in the metallicity and ionization parameter. Here
the metallicity is defined as the overall chemical abundance in
the gas phase, which is usually represented by the oxygen abun-
dance, 12+1log(O/H). The ionization parameter, U, is defined as
the relative strength of the ionizing radiation, or %, where @
is the flux of the ionizing photons, ny is the volume density of
hydrogen, and c is the speed of light. One way to understand
this approximation is to look at the BPT diagrams, where pairs
of forbidden-to-Balmer line ratios with similar wavelengths are
used. The ratios between these emission lines are insensitive to
attenuation and are close to their intrinsic ratios, if one assumes
that they follow the same attenuation curve. In these diagrams,
it is shown that photoioniztion model grids of varying metal-
licity and ionization parameter can well cover the data locus of
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Fig. 1. Distribution of the MaNGA sample viewed in a 3D line-ratio space and in one of its 2D projections. Upper left: 3D density map of the
MaNGA sample, where SF spaxels are colored from black to white and other ionized regions are colored from purple to yellow. A photoionization
model computed by Ji & Yan (2020) using CLOUDY is also shown, whose color coding indicates the metallicity of the simulated HII region. The
blue cube is an exaggerated illustration of the 3D bins we used in this work. Upper right: the same photoionization model is shown, but color
coded according to the ionization parameter of the simulated H1I region. Bottom: a 2D projection of the 3D space that corresponds to an “edge-on”
view of the data (color map) and model (blue). The two axes, P, and P,, are linear combinations of the original three axes, which are denoted as
N2,S82, and R3. For clarity, we only show the part of the model that covers the middle 98% of the data along the line of sight. It is clear from this
view that the model surface cuts through the center of the SF spaxel distribution.

SF regions (e.g., Dopita et al. 2000; Kewley et al. 2001, 2019;
D’ Agostino et al. 2019)>.

As shown by Ji & Yan (2020), 2D diagnostic diagrams might
suffer from projection effects, making it difficult to tell whether
a model grid fits the data distributions in two or more diagrams
in a consistent manner. By combining more than two line ratios
to form a high-dimensional diagram, one can put a much more
stringent constraint on the position of the ideal model that self-
consistently predicts all the line ratios. In Fig. 1, we plotted
our best-fit photoionization model grid for MaNGA SF spaxels
(Ji & Yan 2020) by varying the metallicity and ionization param-
eter of a simulated H1I region using the photoionization code
CLOUDY (Ferland et al. 2017). Comparing the area covered by
the photoionization model and the spatial distribution of the SF
spaxels, we see that the location of any given datum in this line-

3 However, we note that some observed line ratios, such as
[01]16300/Her and [S m1]/[S 11], cannot be correctly reproduced by cur-
rent photoionization models (see e.g., Mingozzi et al. 2020; Law et al.
2021Db).
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ratio space is, to a good approximation, determined by a spe-
cific combination of a given metallicity and ionization parame-
ter. Variations in other nebular parameters (e.g., hardness of the
ionizing spectrum, abundance patterns for secondary elements,
etc.) manifest themselves as scatters around the model surface,
and can be covered by a more complicated model grid in princi-
ple, if we allow changes in these parameters.
With this approximation, we can rewrite Eq. (5) as

Ia (f/ll)
log 2 = log [ =) - 0.4(Ay - Ay,)
gf/lz g f/lz 0 A A
Ay —A i
= F/ll./lz(O/H, U,..)+ AI:I _Ai;, lo fH2 /SQHﬁ (6)
fHa/fHﬁ

= FA],AZ(O/H, U, ) + My, IOg 286 .

where F, 1,(O/H, U, ...) describes the intrinsic ratios between
selected lines as a function of the metallicity, ionization param-
eter, and other nebular parameters of H1I regions. Also, we have
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used the relation between the fluxes of the first two Balmer lines

log(fue/ fup/2-86) = —0.4(An, — Anp). @)
If we define
Ay

L=—, 8
=L (8)
to describe the normalized attenuation curve, we have

L, -1
My, = h T )

IHe — lnp

Here m,, ,, describes the relative attenuation difference between
Ay and A, with respect to the attenuation difference between Ha
and HB. The key of our method is to constrain the variation in
Fi,1,(O/H, U, ...), making it negligible compared to the varia-
tion in attenuation. If we achieve this, we can easily derive the
relative attenuation, m,, 4,, by fitting a linear model to the “red-
Ho

o,

We summarize our method as follows. First, we selected
three line ratios that are usually thought to be attenuation-
insensitive, which are [N 11]/He, [S 1T]/Ha, and [O miT]/HB. Sec-
ond, we binned our sample in the 3D space spanned by
log([N1)/Ha), log([S 11]/He), and log([O11]/HB) (or N2,S2,
and R3 for short) as illustrated in Fig. 1. Following our argu-
ment about the variation of line ratios in the 3D diagram, there
is no degeneracy between O/H and U in this space. Therefore,
there exists inverse functions to describe the metallicity and
ionization parameter with these line ratios, that is, (O/H) =
Fgl(NZ,SZ,R3) and U = Fl‘l(NZ,S2,R3). Thus, any small
variation in O/H or U corresponds to small variations in line
ratios. For example,

0(O/H) = co(6N2) + ¢1(0S2) + c2(6R3), (10)

where ¢y, c1, and ¢, are coefficients also depending on N2,S?2,
and R3. We can then rewrite the intrinsic variations for attenua-
tion sensitive line ratios as

O0F,, 4, ® ap6(O/H) + a,0U + Z a;o(secondary parameters)

dening relation” between log % and log
2

~ ¢ (BN2) + ¢|(652) + ¢, (5R3). (11)

Again, a; and ¢/ are coefficients. It is now clear that if we make
the size of each bin small enough, the variation in the metallic-
ity, ionization parameter, and other nebular parameters would be
small as well. In addition, since we binned the data in a line-
ratio space that is insensitive to attenuation, we did not constrain
the variation in attenuation in each bin. As a result, the variation
of the second term in the rightmost hand side of Eq. (6) domi-
nates over that of the first term. Finally, we performed a linear
regression in each bin, treating log(fy,/fa,) as a linear function
of log(fue/fup/2.86). The slope of the relation then gives the
relative attenuation with respect to the Balmer lines, as shown in
Eq. (9).

We emphasize that our method does not have any depen-
dence on photoionization models, as the selection is completely
based on the data. Our only assumption is that the three line
ratios we use are able to constrain the major parameters* of SF
spaxels, which fix their intrinsic line ratios.

* These include more than just the metallicity and ionization parame-
ter, as the binning is done in 3D. Additionally, we tried using a 4D space
by including the stellar mass, which correlates with the variation in the
N/O versus O/H relations (Belfiore et al. 2017; Schaefer et al. 2022),
and the results remain essentially the same. The drawback of higher-
dimensional binning is having fewer data points in each bin and thus
having larger statistical uncertainties.

In principle, the smaller the size of the bin, the more accu-
rate our method becomes. However, reducing the bin size also
reduces the number of data points within each bin. There-
fore, uncertainties associated with small number statistics would
become important for bins that are too small. In practice,
we tried different bin sizes and eventually used a size of
0.0167x0.0167x0.0167 dex® for each bin. With this binning
scheme, we have ~3000 bins with more than 180 data points
within each bin. Meanwhile, the 20" range of log( fio/ fuis/2.86)
is typically O.ZOfg'g‘z‘ dex in each bin. Before fitting the redden-
ing relations, we removed 3D bins with fewer than 180 data
points. We also tried other cuts that select bins with more than
100 data points and 300 data points. Since the MaNGA data are
more densely populated at high metallicities in the 3D line ratio
space, the cut on the number of data points in each bin influences
the average metallicity of our sample. We discuss the effect of
different binning scheme and bin selection criteria in detail in
Sect. 7.2.

Prior to binning data in 3D, we applied an attenuation correc-
tion to line ratios that form the 3D space, assuming a Fitzpatrick
(1999) extinction curve with Ry = 3.1 (F99 hereafter), which
is an initial guess as to the shape of the attenuation curve. This
step should in principle have little effect on the derived attenua-
tion. However, as we show in Sect. 4, our results seem to indicate
different attenuation curves for different species of lines. If this
is true, both the correction we applied and the assumption of
the attenuation-insensitive lines become questionable, which we
further discuss in Sects. 5 and 7. There is another effect associ-
ated with our choice of the line ratios that form the 3D space.
Results obtained using forbidden lines that are both involved in
the 3D space could be correlated by construction. This effect is
discussed in Sects. 4 and 7.

The method we used to perform the linear regression for
Eq. (6) is a maximum likelihood method taking into account
uncertainties in both variables as well as the intrinsic scatter in
the dependent variable. The natural logarithm of the likelihood
function for a given data point, i, is given by

-0.5(y; — mx; — b)? [(mPo?

2 2
Wt oy +0g)
~0.5x7,

In Fiikelinood,i
(12)

where m and b are the slope and intercept, and o, oy, and
o are the measurement uncertainties in x;, y;, and the intrin-
sic scatter in y (which is the same for all data points during
the fit), respectively’. We did not consider any intrinsic scatter
in x, as the Balmer ratios are relatively insensitive to temper-
ature and density variations (Osterbrock & Ferland 2006). Still,
we discuss the effect of including it in Sect. 7.1. We estimated oy,
and o, by propagating the measurement uncertainty of individ-
ual emission line. Given the test made by Belfiore et al. (2019)
on emission line measurements in MaNGA, we multiplied the
uncertainties reported by DAP by a factor of 1.25. We note
that this adjustment does not have any significant impact on our
results. We started by adopting an initial guess for the intrin-
sic scatter oo = 0, and minimized the total > using the MINI-
MIZE function in SCIPY to obtain the slope and intercept with the
Nelder & Mead (1965) method. We then checked whether the

5 The numerator of y? indicates the separation is calculated along the

y axis in this linear model. However, we note that constructing the like-
lihood function from the perspective of orthogonal distance regression
(ODR) using, for example, Eq. (32) of Hogg et al. (2010), leads to the
same final expression for the y? term.
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Table 1. Median slopes of the reddening relations [log(Emission line ratio) versus log(Ha/HS/2.86)] derived for a sample of 3D bins.

Emission line ratio Median slope Standard deviation  Slope predicted by the F99 curve
(m’ +0”) (Tsd) with Ry = 3.1 (mF)
He (6563)/Hy (4340) 1.343£0.002 (1.3400+0.0005) @ 0.08 1.395
Ha (6563)/H6 (4102) 1.545£0.003 (1.5683+0.0009) @ 0.15 1.563
[S 11119069,9531/[0 1115007 1.660+0.005 0.27 1.695 ®
[0 111]5007/[Ne 111]3869,3967 0.68+0.06 1.04 0.81®
[S1]6716,6731/[011]3726,3729 1.580+0.002 0.13 1.903
[N 11]6583/[0 11]3726,3729 1.525+0.002 0.13 1.844
[S111]19069,9531/[S 11]6716,6731 0.469+0.005 0.28 0.745 @
[S 111]9069,9531/[N 1116583 0.536+0.005 0.27 0.801 ®
[S 111]19069,9531/[0 1]6300 0.493+0.009 0.38 0.928 ®
[S 111]19069,9531/[0 11]3726,3729 2.127+0.006 0.32 2.645 ®
[0 11]5007/[0 11]3726,3729 0.459+0.003 0.15 0.950
[S 1m1]9069,9531/Her (6563) 0.600+0.006 0.28 0.811®
[S 1m1]9069,9531/H3 (4861) 1.600+0.006 0.28 1.811®
[S 111]9069,9531/Hy (4340) 1.929+0.005 0.26 2.206 ®
[N11]6583/Hy (4340) 1.352+0.002 0.08 1.405
Ha (6563)/[011]3726,3729 1.509:0.002 0.13 1.835
HB (4861)/[0 11]3726,3729 0.509+0.002 0.13 0.835
Hy (4340)/[011]3726,3729 0.161+0.003 0.14 0.439

Notes. The bins were set up in a 3D line-ratio space spanned by log([N11]/He), log([S 11]/He), and log([O 11]/HB). The size of each cell is
0.0167x0.0167x0.0167 dex®. 3D bins with Npaxel > 180 were selected to derive the slope distribution in most cases. We used the 68% confidence
interval of the median slope as the uncertainty (o), but we also showed the standard deviation of the slope distribution for each line ratio (o ga).
@The value inside the parenthesis is obtained using the whole sample without binning. ®’The value is the average of the doublet values as the

measured fluxes of the corresponding doublet were fixed by DAP.

following condition is satisfied:

N
DN -2 <1, (13)
i=1

where N is the number of data points. If not, we changed the
intrinsic scatter by an increment of 0.0001 and recomputed
the slope and intercept. We repeated the above procedure until
Eq. (13) is satisfied. The method is essentially identical to the
one adopted by Tremaine et al. (2002). We note that there are
other ways to estimate the slope and intercept when both het-
eroscedastic uncertainties and intrinsic scatter are present (see
e.g., Kelly 2007). We have verified the robustness of this method
and present the tests in Appendix A.

4. Results

In this section we compute the relative nebular attenua-
tion “seen” by emission lines from different species of ions
and atoms. We investigate three categories of lines accord-
ing to their production mechanisms as well as the ioniza-
tion energies (IE) of their corresponding ions: 1) Balmer
lines, including He, HB, Hy, and Hé; 2) high ionization lines
(IE > 13.6eV), including [Ne1]143869,3967, [O11]15007,
and [S111]119069, 9531; 3) low ionization lines (IE < 13.6eV),
including [O11]A43726,3729, [N1I]A6583, [S1]116716,6731,
and [O1]46300. We summarized our results in Table 1. For the
rest of the paper, we use Miipe, line, t0 represent the slope of the
reddening relation, 10g(fiine, / fiine,) versus log(fue/ fup), and use

, .
M ine, (0 Tepresent the measured median value of the slope.

4.1. Attenuation seen by Balmer lines

We calculated two slopes related to Balmer lines: 1) the
slope of log(Ha/Hy/2.86x0.469) vs. log(Ha/HB/2.86) rela-
tion (or myemy); 2) the slope of log(Ha/Ho6/2.86x0.259) vs.
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log(Ha/HpB/2.86) relation (or my, ys). Here we have assumed the
intrinsic Balmer ratios to follow the Case B approximation val-
ues at ne ~ 100cm™> and T ~ 10* K (Osterbrock & Ferland
2006). We divided the line ratios by their intrinsic values so that
the intercepts, log(line ratiogps /line ratiomeor. )l /Hp=2.86, ideally
should be zero. We note that there is a small covariance between
the independent and dependent variables due to the common
term of Hey, which is taken into account by introducing an extra
term of —2mCov(x, y) in the likelihood function (see Appendix A
for more details). We also required that the S/N of all emission
lines used to be greater than 3. We calculated these slopes in two
different ways. The first way is the traditional method (hereafter
TM), which uses the entire sample for the calculation. The sec-
ond way is our new method, where we calculated slopes in 3D
bins and used the median as the representative value. For Balmer
lines, these two methods should give us identical results, which
serves as a sanity check for our method.

The left panel of Fig. 2 shows a fitting example in one of
the 3D bins, where a clear linear relation between log(Ha/HS)
and log(Ha/Hy) is present. The best-fit linear model shows a
small uncertainty of 0.046 on the slope, and is in good agree-
ment with the prediction from an F99 extinction curve with
Ry = 3.1. Figure 3 shows the distributions of the slopes, inter-
cepts, and intrinsic scatters of the two reddening relations. For
an F99 extinction curve with Ry = 3.1, the expected slopes are

mE? = 1.395 and mP? . = 1.563. When Ry = 4.05, these
He Hy Ha ,Ho
values become myp, = 1.384 and mj}) s = 1.542. In compar-

ison, the slopes obtained by TM are myqn, = 1.3400+0.0005
and my, s = 1.5683+0.0009, where the uncertainties are calcu-
lated with a Markov chain Monte Carlo (MCMC) method using
the EMCEE package in PYTHON (Foreman-Mackey et al. 2013).
If we change the S/N threshold for Hy and H¢ from 3 to 10, the
resulting slopes become my, n, = 1.3293+0.0005 and myqns =
1.503+0.001. While the median slopes given by our new method
are m;m,Hy = 1.343+0.002 and m’Ha’H& = 1.545+0.003, where

the uncertainties correspond to the 68% confidence intervals
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Fig. 2. Fitting examples in one of the 3D bins. The dashed red lines are the best-fit lines given by the maximum-likelihood method. The orange
shaded regions indicate the 1o uncertainties of the linear models. The dash-dotted blue lines are obtained by fixing the slopes using the values from
an F99 extinction curve with Ry = 3.1 during the fit. The error bars indicate the measurement uncertainties in different logarithmic line ratios. Left:
reddening relation between Ha/HB and Ha/Hy. Middle: reddening relation between Ha/HB and [S 111]/[O 111]. Right: reddening relation between

Ha/HB and [N }/[O11].

derived by using the biweight estimator of Beers et al. (1990).
As a sanity check, we also ran an MCMC analysis and confirmed
the uncertainties given by the MCMC were in good agreement
with those returned by the biweight estimator. The 1o~ widths
(or the standard deviations) of the slope distributions are 0.08
and 0.16, respectively.

The results given by TM and our new method are close to
each other. Our new method inevitably produces larger uncer-
tainties. On the one hand, the intrinsic scatter in line ratios can
have a larger influence on the derived slopes for bins with rel-
atively small number of data points. On the other hand, there
could be genuine variation in the shape of the attenuation curve
depending on the nebular parameters or host galaxy properties,
which are not included in the calculation of the uncertainties
(see Sect. 7.5). The slopes derived from TM cannot be described
by any single F99 extinction curve with a fixed Ry. Given the
dependence of these slopes on the S/N cut, it is possible that
the sample has intrinsic variations in Ry that depends on galaxy
properties (see Salim & Narayanan 2020). Regardless, the cor-
rections based on the F99 extinction curve with Ry = 3.1 would
only introduce a bias less than 2% for He/Hy and Ha/Hé at
Ay = 1 mag. A similar conclusion can be drawn for the
median slopes derived with the new method. These results con-
firm that the attenuation probed by Balmer lines in galaxies can
be approximately described by an average MW extinction curve
(e.g., Wild et al. 2011b; Reddy et al. 2020; Rezaee et al. 2021).

The intercepts obtained by two methods also show good
consistency. It is noteworthy that the intercepts we derived are
slightly larger than 0. This could be due to the fact that the
average intrinsic Balmer ratios are different from the values
we assumed. Regardless, this offset does not affect the slopes
we derived. We also notice that the median intrinsic scatter in
y-axis [i.e., log(Ha/Hy/2.86%0.469) or log(Ha/Hd/2.86%0.259)]
in each bin is small compared to the change in y. This ensures
that the variation in y within each 3D bin is indeed mostly driven
by the variation in x, or log(Ha/HB/2.86).

4.2. Attenuation seen by high ionization lines

Using our 3D binning method, we calculated slope of the
log([S mx]/[O 11]) versus log(Ha/HR) relation as well as the slope
of the log([Om1]/[Ne11]) versus log(He/HB) relation. Since
DAP ties the attenuation-uncorrected fluxes of the [SIII] dou-

blet, making f[s[n],{9531 /f[sm],{g%g ~ 2.439, the derived slope dis-
tributions for these two lines are identical. Considering that the
attenuation at NIR is relatively weak and is less dependent on
wavelength, tying the observed fluxes of these two lines should
not have a significant effect on our measured nebular attenua-
tion. For [NeI] doublet, DAP also sets a fixed ratio for the
attenuation-uncorrected fluxes, making fiNerma3869/ fiNelj13067 =
3.33. Although the wavelengths of [Ne I1T] lines are much shorter
compared to [STI], the wavelength separation of the [NeIII]
doublet is much smaller. The F99 extinction curve predicts that

F99 U F99 F99 - P
(M ommn, Nemmasseo ~ Mo, Nermazo67) Momm e < 9%. This is

much smaller than the width of the slope distribution we derived
below. Since the measurement uncertainties of [NeIlI] are rel-
atively large, an S/N cut of 3 already removes a large number
of data points. To have enough 3D bins, we lowered the mini-
mum number of spaxels required for each bin from 180 to 100.
Even with this lowered cut, we only had 336 qualified 3D bins
to derive the median reddening relation for log([O 111]/[Ne 111]).
In the middle panel of Fig. 2, we plotted the fitting result
for the log([S 11]/[O11a]) versus log(Ha/Hp) relation in one of
the 3D bins. The overall scatter along the y axis is larger com-
pared to the case of Balmer lines, and a large intrinsic scatter
of 0.06 is returned by the fitting function, indicating there is
still remaining variations in the intrinsic ratio of these forbid-
den lines. Regardless, the best-fit linear model matches the pre-
diction from the F99 curve well in this case. Figure 4 shows
the distribution of the slopes we derived. For the [S m1] doublet,
we show the result of [S111]19531. For the [NeI1I] doublet, we
show the result of [Ne I11]13869. The slope distributions derived
from the other [S III] and [Ne InI] lines are identical to these. We
found that the 68% confidence intervals for the central locations
of the two slopes distributions are m/g;;;, oy = 1.660+0.005 and
mEOHIL[NeHH = 0.68+0.06. Meanwhile, the standard deviations
of the two slope distributions are 0.27 and 1.04, respectively.
Although we applied an S/N cut to [NeIlI] lines, the resulting
slope distribution is still very wide. Part of the reason could be
due to our inclusion of the 3D bins having fewer data points. In
addition, the measurements of [Ne III] fluxes could be influenced
by the nearby absorption features in observed spectra. Despite
the large uncertainties, our derived slopes still lie close to the val-
ues given by the F99 extinction curve with Ry = 3.1, which are

F99 Z F99 _ :
My oy = 1.695 and mMomn Nerm = 0-81 after averaging the
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Fig. 3. Relative attenuation probed by Balmer lines. The first row shows the results obtained by fitting a linear function to the
log(Ha/Hy/2.86%0.469) vs. log(Ha/Hp3/2.86) relation within each 3D bin we defined. From left to right, we plot the distributions of the slope,
intercept, and the intrinsic scatter. For each distribution, we show the 68% confidence interval of the median [CI(Mdn)] and the standard deviation
(SD). The dashed-red lines indicate the median values among our 3D bins. The dashed-green lines indicate the values obtained by the traditional
method where the whole sample is used for a single fit. The dashed-blue lines correspond to the values given by the F99 extinction curve. The
second row shows similar information, but is obtained by fitting a linear function to the log(Ha/Hd/2.86x0.259) versus log(Ha/Hf3/2.86) relation.

values for the two lines in each doublet. At Ay = 1 mag, using
the F99 corrections would cause a bias of 1.3% for [S 111]/[O 111]
and a bias of 5% for [O111]/[Ne 111]. Therefore, the attenuation
for both Balmer lines and high ionization lines in our sample
galaxies can be approximately described by the F99 extinction
curve. With the inclusion of the [S 11T] doublet, we were able to
constrain the nebular attenuation curve redward of Ha.

From Fig. 4, one can see that the intrinsic scatter found in the
reddening relations for high ionization lines is much larger com-
pared to those for Balmer lines, which contributes to the wider
slope distributions. For log([O 111]/[Ne I11]), the median intrinsic
scatter is 0.118 dex. The standard deviation of log(Ha/HB) in
each 3D bin is typically 0.05 dex. Combining this value with
myom,Nen; = 0.8, one expects that the attenuation-driven vari-
ation in log([O m1]/[Ne11]) in each 3D bin is smaller than the
intrinsic scatter. This further explains why the estimation of
M[OTII],[NellT] is more uncertain.

4.3. Attenuation seen by low ionization lines

We examined the attenuation seen by low ionization line ratios in
this subsection. Specifically, we used line ratios involving [O11]
to constrain the attenuation curve blueward of Ho.
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The right panel of Fig. 2 shows a reddening relation between
log([N1]/[O11]) and log(Ha/HRB) in one of the 3D bins. In this
case, unlike the linear models for Balmer lines and high ioniza-
tion lines, the best-fit model shows a clear offset from the line
predicted by the F99 curve. We plotted the distributions of the
linear parameters of all 3D bins in Fig. 5. Our method yielded
mENHMOH] = 1.525+0.002, and the standard deviation of the
slope distribution, o g, is 0.13. In comparison, the F99 extinc-
tion curve predicts that mFN9?H o = 1.844. Our derived slope
is smaller than the corresponcﬁng F99 value by roughly 2.40 5y
or 12607, where ¢’ is the uncertainty of the median. This dif-
ference is large enough to drive a systematic bias of 13% in the
attenuation-corrected [NII]/[O 1] at Ay = 1 mag, if one uses the
F99 extinction curve. Furthermore, the derived slope is signif-
icantly smaller than my, 5, which cannot be explained by any
single extinction curve. Since Anm > Axe and Ajom < Aws, for
any given extinction curve that predicts the extinction to mono-
tonically increase with decreasing wavelength in the optical, one
expects Aps — Ane < Ajom) — A and thus mye us < MmN, or»
contrary to the observed relation. Therefore, our result implies
that the F99 extinction curve correctly describes the attenua-
tion probed by Balmer lines and high ionization lines, but over-
predicts the attenuation probed by low ionization lines. If we
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Fig. 4. Relative attenuation probed by high ionization lines. The first row shows the results obtained by fitting a linear function to the
log([S ur]/[O111]) vs. log(Ha/HB/2.86) relation within each 3D bin we defined. From left to right: we plot the distributions of the slope, inter-
cept, and the intrinsic scatter. For each distribution, we show the 68% confidence interval of the median [CI(Mdn)] and the standard deviation
(SD). The dashed-red lines indicate the median values among our 3D bins. The dashed-blue lines correspond to the values given by the F99 extinc-
tion curve. The second row shows similar information, but is obtained by fitting a linear function to the log([Ne 111]/[O 111]) versus log(Ha/Hf3/2.86)

relation.

interpret this result as [N1I] and [O1I] both having a different
magnitude of attenuation compared to that of Balmer lines, that
iS, AyLow # AvBaimer. then from the definition of the reddening
relation, we have

’
M N [o1)
Aviow ¥ —gg——

"N, [om

AvyBalmer ~ O~83AV,Balmer' (14)

However, as we discuss in Sect. 7.3, simply using different Ay
cannot explain our results and one should not use this derived
“apparent Ay’ to do corrections. Another complicating factor is
that different low ionization lines do not necessarily have the
same Ay either (see Sects. 4.4 and 5.2).

Another way to see this discrepancy is to inspect
log([N 11]/[O 1M]) corrected by the F99 extinction curve as a func-
tion of log(Ha/HB) in each 3D bin. Figure 6 shows such an
example. We removed the fitted intercept for the log([N 11]/[O 11])
versus log(Ha/HB/2.86) relation in each 3D bin (which effec-
tively removed the intrinsic value of log([N11]/[O1I]) at zero
attenuation), and plotted all the intercept-removed data in this
figure. Clearly, if [Nm]/[O11] is corrected by the F99 extinc-
tion law before fitting, the overall slope becomes negative. This
implies that the F99 extinction law overcorrects [N 1I]/[O 1] in
our sample. Meanwhile, the distribution of mjyy;, oy 1s relatively

tight and the intrinsic scatter is small, indicating that the intrin-
sic scatter plays a minor role in affecting our measurement of
the slope. In Fig. 6, we only show data with high S/N in Hg.
This is because the measurement uncertainty in log(Ha/HpB/2.86)
can make the attenuation-corrected trend to appear steeper than
it should be as the measured value of log(Ha/HB3/2.86) is used
to derive the correction. This effect is negligible when the S/N
of Hp is high. However, we note that if there is intrinsic scatter
along the x axis, a similar effect can occur even at high S/N. We
discuss the effect associated with the potential intrinsic scatter in
detail in Sect. 7.1.

We made a similar measurement using another combina-
tion of low ionization lines, [S1I] and [O1I], and found that
Mg om 18 also significantly smaller than the prediction of
the F99 curve, as shown in Table 1. One might wonder if
this discrepancy is due to some hidden bias induced by our
3D binning method. Indeed, [N1I] and [S1] are among the
emission lines we used to construct the 3D space. As a san-
ity check, we computed myy,jorr) using our 3D binning method.
Both Hy and [O1] are not involved in the construction of
the 3D bins. We found that mi_mom = 0.161+£0.003 (whose

O« is 0.14), which is much smaller than mg”yg[om = 0.439.
This again indicates that Balmer lines and low ionization lines
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Fig. 5. Relative attenuation probed by low ionization lines. We fit a linear function to the log([N 11]/[O 11]) versus log(Ha/HB/2.86) relation within
each 3D bin. From left to right, we plot the distributions of the slope, intercept, and the intrinsic scatter. For each distribution, we show the 68%
confidence interval of the median [CI(Mdn)] and the standard deviation (SD). The dashed-red lines indicate the median values among our 3D bins.
The dashed-blue lines correspond to the values given by the F99 extinction curve.

(in this case the [O 1] line) are not subject to the same attenuation
law.

4.4. Line ratios involving different species of ions

In previous subsections, we found evidence suggesting differ-
ent attenuation laws for different species of lines. To further
investigate this issue, we explored slopes for reddening rela-
tions involving combinations of Balmer lines, high ionization
lines, and low ionization lines (which we call hybrid line ratios
hereafter).

We first checked [S 11I]/Ha, which is a hybrid line ratio com-
bining a high ionization line and a Balmer line. Judging from
our previous measurements, one might expect that the derived
slope for this line ratio should be consistent with the predic-
tion of the F99 curve. However, we found that mESIH],Ha =
0.600+0.006 (the ogqg is 0.28), which deviates from the F99
value, mfsgﬁl]’m = 0.811, by 0.75074q or 380”. The difference
indicates a fractional bias of 8% for the attenuation-corrected
[Sta]/He at Ay = 1 mag, if one uses the F99 extinction curve
for corrections. In fact, for almost all of the hybrid line ratios we
checked in Table 1, the slopes of their reddening relations appear
considerably lower than the corresponding F99 values.

Another noticeable effect is related to the additivity of the
slope measurements. Ideally, one expects if line ratios A, B, and
C satisfy log(A) = log(B) + log(C), then m), = m}, + my.. All line
ratios should follow the law of additivity if they are subject to the
same attenuation curve. From Table 1, we see that some slopes

e e . 7 — ’ ’ —
do show additivity. For example, Misimug = MisimHe T MHoHg =
’ ’ ~ ’ ’

Mismpe t L Mismom ¥ Mismom + Mom jom» ¢ How-

ever, there are also a few cases where the additivity seems vio-
lated. For instance, mfsm],[onu > mfsm],Ha + m’HmH’B + mf—w,[onn ~
Mg e + 0-89, where the difference is roughly 0.16, equivalent
to 1.50 4 or 870" (0gq and o are calculated from the distri-
bution of msin, o — M[Sui,He — mHa,Hﬂ). A]SO, mENII],[OII] >
mENHL[Om] + mfom],[on] ~ mfom],[on] + 0.89, where the differ-
ence is roughly 0.15 (1.307g4 or 800”). Interestingly, the additiv-
ity problem seems to be related to the slopes that are apparently
lower than the corresponding F99 values.

One related question is whether the additivity problem comes
from the bias during the fitting process associated with incor-
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Fig. 6. Reddening relation between log([NI]/[O11]) and

log(Ha/HB/2.86). Only data with S/N > 30 in HB are included.
We obtained the intrinsic log([N 11]/[O 11]) value at log(Ha/HB/2.86) =0
and subtracted it from the observed log([N1]/[O11]) for each 3D
bin. The black contours show the distribution of the data without any
attenuation correction. Whereas the blue contours show the density
distribution of the data with their log([N11]J/[O11]) corrected by the
F99 extinction curve. The contour levels trace the number density of
the data points and are equally spaced on a log scale. The outermost
contour and the innermost contour enclose 90% and 10% of the data,
respectively. The dashed red line and the dashed green line trace the
median trends in the 3D bins for the two data sets. The dash-dotted line
is a horizontal line for reference.

rectly estimated measurement uncertainties. In Fig. 7, we plot
distributions of mismijonn — M[SHIHe — "HaeHB using sam-
ples selected based on different S/N cuts. It is clear from this
figure that the additivity for these line ratios is asymptoti-
cally recovered at high S/N. In particular, we found mfsnu,l—[a
increases noticeably with increasing S/N, while mESIHMOHH and

My, oy femains roughly the same. If the input measurement
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Fig. 7. Distributions of the slope differences under different S/N cuts.
The black solid histogram shows data with S/N of [S11], [O 1], and
Hp greater than 3; the dashed green histogram shows data with S/N
of the aforementioned lines greater than 10; the dotted red histogram
shows data with S/N of the aforementioned lines greater than 15. The
slope difference peaks toward smaller values with the increasing S/N
limit. However, the difference is actually due to the dependence of the
slope on the surface brightness of the lines.

uncertainties are biased, the best-fit parameters returned by our
likelihood function would also be biased (see Appendix A),
which could lead to violation of the additivity if the bias is dif-
ferent for different lines. On the other hand, the bias becomes
negligible when the S/N is very high. However, this explana-
tion seems inapplicable to the case of mjy, op- Even after we
increased the S/N cut to 20 for [N11], [O11], [OT1I], and Hg,
M. om 18 still greater than mjy oy + m[OIHMOH] by 0.12
(2.10 44 or roughly 600”). Also, the bias does not originate from
the data lost from the S/N cut, as we performed tests with mock
data and found this effect was negligible even when the S/N limit
was set to 3. In Sect. 7.5 we show the additivity bias is actually
more related to the surface brightness of the lines.

The slopes of the hybrid line ratios could also be affected by
our construction of the 3D bins. Since we restricted the vari-
ation of [N1]/He, [ST]/Ha, and [OTI]/HB in each bin, the
derived slopes for certain combinations of lines are tied together.
This tying should not introduce any bias if all line ratios follow
the same attenuation curve, but would become problematic if
different lines are attenuated by different curves. As an exam-
ple, since log([S1I]/Ha) = log([S m]/[N1]) + log([N11]/Ha),
and log([NII]/Ha) varies little in each bin, we have forced

[SH” Ho ® mlsml (NI Therefore, the measurement of msm He
is affected by mysnp iy Even if [S 1] indeed shares the same
attenuation law with Balmer lines, the involvement of the low
ionization line [NII] could contribute to the deviation from
the F99 value. In other words, if the observed [N1I] and Ha
no longer share the same attenuation law, binning data using
log([N11]/Her) can modify the measured slope for certain hybrid
line ratios. In addition, our assumption of negligible variations of
nebular parameters might become invalid in such cases. Mathe-
matically, our construction of the likelihood function becomes
not precise, as the single parameter o might no longer be suffi-
cient to describe the intrinsic variation of line ratios.

Indeed, from Table 1, one can see that if a reddening relation
directly or indirectly involves a low ionization line, the resulting

median slope tends to be significantly lower than the expected
value from the F99 curve. Interestingly, even the low ionization
lines might not share the same attenuation law. One example is
provided by [S1i]/[O 1], whose median slope is slightly smaller
than that of [S 1r]/[N 11]. If both [O 1] and [N 1] are subject to the
same attenuation curve, we should have m[SHH o > m[sm] (NI
Since [OT1] is an even lower ionization line compared to [N1I],
this discrepancy indicates a further flattening of the attenua-
tion curve at lower ionization. There is, however, a special case
where the hybrid line ratio, [N 11]/Hy, gives the slope close to
the F99 value. Following the same argument we use in the pre-
ceding paragraphs, we can understand this case as follows. Even
if [N11]/He is biased and is not attenuation-free, Ha/Hy would
still follow the unbiased attenuation curve since the slope mea-
surements for Balmer lines do not rely on 3D binning. Given that
log([N11]/Hy) = log(Ha/Hy) + log([N 11]/He), and the fact that
we have forced m[NH] e ~ 0 in each 3D bin, it is no surprise
m[NII],Hy ~ mHa/,Hy ~ mﬁi?ﬂy-

Finally, another explanation could be that both high ioniza-
tion lines and Balmer lines follow the F99 curve, but their magni-
tudes of attenuation differ systematically. Thus, when measuring
the reddening of their combined line ratios, the result deviates
from the F99 curve.

In summary, most of the hybrid line ratios we check show
slopes deviating from the F99 values and some of them vio-
late additivity as well. There could be biases associated with
measurement uncertainties, which, however, cannot explain all
hybrid line ratios. Since there is already some evidence that dif-
ferent species of lines might follow different attenuation curves,
our constructions of the 3D bins could also bias the slope mea-
surements for certain hybrid lines. To better understand these
effects, we investigate some physical models that create differ-
ent attenuation laws for different lines in the next section.

5. Physical model

In this section we present some physical models to explain how
different observed emission lines can have different attenuation
laws. In addition, we compare the model predictions with the
slopes measured in our sample.

5.1. Bias from low-resolution observations

When dealing with extragalactic observations, one usually has
very limited knowledge about the geometry of the dust distri-
bution inside the corresponding galaxy. Still, indirect evidence
concerning the dust distribution can be derived by comparing
the attenuation of different sources. The attenuation probed by
nebular emissions from SF regions is usually larger than that
probed by starlight (e.g., Fanelli et al. 1988; Calzetti et al. 1994;
Kashino et al. 2013; Price etal. 2014; Pannellaetal. 2015;
Li et al. 2021), which is attributed to the fact that the neutral gas
and dust are more concentrated and clump around individual H 11
region (Charlot & Fall 2000; Wild et al. 2011b; Chevallard et al.
2013). Therefore, one usually assumes that emission from H1I
regions is “extincted” by the foreground dust rather than “atten-
uated” due to a complex mix of sources and dust, which is,
however, not necessarily valid for unresolved “HII regions”
(Pellegrini et al. 2020a).

Within each H1I region, different emission lines originate
from different optical depths due to their different ioniza-
tion potentials. The Balmer lines are produced by recombi-
nation throughout the ionized shell. In comparison, the high
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Fig. 8. Derived slopes for different line ratios as a function of the gas-phase metallicity. The y axes correspond to slopes of the 10g( fiine, / fiine,)
versus log(Ha/H/2.86) relations. The x axes correspond to metallicities derived by using Bayesian inference with a fiducial photoionization
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dotted black lines correspond to the median slopes and the values predicted by an F99 extinction curve, respectively.

ionization lines and low ionization lines are mainly produced
in the inner part and outer part of the HII region, respectively.
Since dust grains also exist inside the ionized shell, one might
wonder whether the internal differential attenuation within the
H1 region can result in different attenuation laws for different
lines. However, as shown by Bottorff et al. (1998), even for a
highly ionized H1I region with log U ~ —2.0 and an Orion-type
dustcomposition, the maximum optical depthat 4 ~ 0.1 umisstill
smaller than 1. For the emission lines we are concerned about, the
corresponding optical depths are much smaller and the dust atten-
uation effect should be negligible within most H II regions.

The above scenario is applicable to radiation-bounded
H1I regions with ionized shells well confined by the background
molecular clouds. In observations, however, people found that
Lyman continuum photons (Lyc) can leak from dense clouds
and create emission line regions in the surrounding lower den-
sity regions (e.g., Reynolds 1990; McKee & Williams 1997;
Ferguson et al. 1996; Zurita et al. 2000; Haffner et al. 2009;
Howard et al. 2018), which can extend over a few kiloparsecs
(see e.g., Zurita et al. 2002; Seon 2009; Belfiore et al. 2022).
These low-density regions are usually referred to as the diffuse
ionized gas (DIG). The ratios between low ionization lines and
Balmer lines are generally higher in DIG, and emission lines pro-
duced in DIG are also less attenuated compared to H1II regions.

Apart from the leaked Lyc, there is another important con-
tributor to the emissions in DIG. As shown by Zhang et al.
(2017), the leaked Lyc from HII regions cannot explain the
high [O m1]/HPB observed in DIG for massive galaxies. Thus, one
needs extra ionizing sources apart from HII regions to produce
the observed [O 111] fluxes. As suggested by Flores-Fajardo et al.
(2011), the hot low-mass evolved stars (HOLMES) are likely to
play an important role in ionizing DIG. Specifically, HOLMES
create high [O1]/HB due to their harder spectra compared to
H1I regions. It is important to note that the enhancement of
[O1a]/HB in DIG depends on the stellar mass (or metallic-
ity) of the galaxy, which has been confirmed on both kilopar-
sec and subkiloparsec scales (Zhang et al. 2017; Belfiore et al.
2022). For low-mass galaxies, [O II]/HB barely changes from
H1I regions to DIG. Whilst for high-mass galaxies, [O III]/HB
has a conspicuous increase toward DIG. This is because low-
metallicity HII regions (which are typically found in low-
mass galaxies) have much higher [O 11T]/HS ratios compared to
high-metallicity HII regions (as can be seen in the BPT dia-
grams), while DIG in general covers a relatively narrow range
in [O TIT]/HB.

The above evidence suggests that both low and high ioniza-
tion lines could experience different amount of attenuation com-

A125, page 12 of 28

pared to Balmer lines. Since the MaNGA data we use have a
typical resolution of 1-2kpc, it is possible that a considerable
amount of diffuse emission has been blended with the emission
from the nearby HII regions. Due to the contribution of less-
attenuated DIG, we expect the measured slopes for line ratios
involving low ionization lines and high ionization lines to be
different from the true slopes. This appears to be consistent with
our interpretation in the previous section. In addition, this effect
is likely metallicity-dependent.

Figure 8 shows how the measured slopes for Ha/Hy,
[Sur)/[Om], [N1)/[O1], and [O1)/[O1] correlate with the
median gas-phase metallicity as well as the median Ha lumi-
nosity surface density (corrected using the F99 curve) within
each bin. We derived the metallicities following the Bayesian
method of Ji & Yan (2022). In short, we first computed the like-
lihood of the observed [N 11]/He, [S 11]/Ha, and [O 111]/HB given
the photoionization model of Ji & Yan (2020). Combining the
likelihood with a flat prior in the logarithmic space, we then
obtained the posterior distribution of the metallicity for each
datum. Finally, the metallicity of each datum was calculated as
the weighted mean using the posterior distribution. We see that
my, 1y has no dependency on the metallicity. While myiy jom
appears to have a sharp decline at very high metallicities, there
seems to be no obvious trend at lower metallicities®. In compar-
ison, the slopes for line ratios involving [OIIT] have a notice-
able change with the metallicity. For high metallicity galaxies,
[O1] tends to have a larger contribution from the DIG, and
we see it appears less attenuated as reflected by decreasing
mysnrn,onn and increasing myonm,jor. However, it is worth not-
ing that M[STI1},[O111] and mon,[or) deviate from the F99 values
at low metallicities, where the bias brought by the DIG is sup-
posed to be lower compared to high metallicities. The contribu-
tion of DIG to [S111] and [O 1] could be the complicating factor
in this explanation, which we further explore in the next subsec-
tion. In addition, Fig. 8 also shows that the metallicity strongly
correlates with the median He surface brightness of individual
3D bins. Since the Ha surface brightness is related the level of
the DIG contamination (Oey et al. 2007; Zhang et al. 2017), the
trends we see in Fig. 8 could also be caused by the overall change
in the DIG contamination. We further discuss the effect of select-
ing the sample based on the Ha surface brightness in Sect. 7.5.

® We note that the metallicity measurements at the highest metallicity
might have slightly larger systematic uncertainty due to the extrapola-
tion of the stellar spectral energy distribution in the model (Ji & Yan
2020).
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Fig. 9. Cartoon illustration of a two-component attenuation model. The
model consists of a more attenuated component with high Ay and a
less attenuated component with low Ay. The emission lines from both
components are mixed in observations. While the high Ay component
is (part of) a dusty HII region, the low Ay component could be a part
of the H I region that is less dusty, the DIG around the HII region, or a
combination of both.

Besides the potential DIG contamination, there is another
effect that could be important due to the limited spatial resolu-
tion. For a single HII region or an association of spatially close
H1I regions, it is possible that not all of its emission is attenu-
ated by the same amount. One can imagine a dust screen covers
part but not all of the HII region. For such a “partially covered
H 1 region”, the effective integrated Balmer decrement depends
on the relative contributions from the covered and uncovered parts
to the observed emission line spectrum. If the covered fraction
varies in different H1I regions, there would be an effective varia-
tion in the observed Balmer decrement, which can also give rise
to line-specific effective attenuation or differential attenuation.

In summary, observations that are unable to resolve individ-
ual H1I regions could lead to differential attenuation inconsis-
tent with a unified curve either due to the distribution of dust or
due to the contamination from the DIG, even though there is an
underlying extinction curve at work. In the next subsection, we
try setting up a few toy models to reproduce the attenuation we
measured for different emission lines in the MaNGA data.

5.2. Attenuation model

We started by assuming a simple cloud model, which consists of
two separate components that could have different optical depths
and emission line fluxes. The first component corresponds to
high attenuation, which we denote as Cjgp; the second compo-
nent corresponds to low attenuation, which we denote as ClLow -
Figure 9 shows a cartoon illustration of the two-component
model. Attenuated emission lines from both Cr;gn and Croy are
mixed in observations. In this model, Cy;gn is a single dusty
H1I region or a part of an HII region that is more obscured,
and Cpoy is the DIG surrounding the HII region or a part of
the HII region that is less obscured. By definition, Aypign >
Avyrow. We then defined the fractional contribution to the total

7 This model shares some similarities with the Charlot & Fall (2000)
model, where two different attenuation components are present.

intrinsic Ha flux from CHigh toben = fHa,O(High)/fHa,O(total) =
SHe0mign) / [fHe.0migh) + fHe0wom] (0 <17 < 1.

The first case we considered is where both Cyjgn and Cpow
have the same intrinsic line ratios, which corresponds to a par-
tially covered H Il region. In addition, we fixed Ay pigh and Ayrow
for simplicity. The only thing we varied was 7, the fractional flux
contributed by Cyign. As a result, the observed attenuation or
Balmer decrement would follow the change in 7. The observed
Ha flux is

Fitaobs = fria0totan (710704l 4 (1 — )10~ 0HAveonlia] - (15)
Since fugo = fHa,0/2.86, we have

10704AvHignla 4 (1- )10_0-4AV.L()WIH(1
(fita! fits/2-86)ops = 1 (16)

n10—0.4A\4Higthp + (1 _ n)10—0.4AVLOWZHﬁ )

We note that both /g, and lyz are given by an underlying true
attenuation curve, which we assume to be the F99 curve here.
It is clear from the above equation that the effective V-band
attenuation derived from the observed Balmer decrement, Ay,
changes from Ay ow t0 Aymigh as 7 changes from 0 to 1. In gen-
eral, the observed flux ratio of two lines with wavelengths A, and
A, is given by

fi n10—0.4Av,High1,1l +(1 - ;7)]()_0-4AV-L('W1/‘1
T 010 Rl & (1= 10 0 Al

(far/ fa)obs = ( 7)

where we have used the assumption that the intrinsic line ratio is
the same for Cy;gn and Croy.

What we measured in observations is how log(fi,/ fi,)obs
changes with log(fue/fig/2.86)0bs, Which is supposed to give

1/11—1/12

noi - However, if the change in Ay,g is primarily driven by
the change in the covering fraction, or 7, we expect a modified
attenuation curve to be observed. The top panel of Fig. 10 shows
such an example. Instead of specifying Aymign and Aypow, we
set 10g(fia/ fip/2.86)0bs t0 0.4 and O for Chjen and Cyow, respec-
tively. We see that the final MNTI},[O1] and momiy,[or are lower
than the expected values given by the F99 curve and are closer
to the median value we measured in MaNGA. The values of
the Balmer decrement for Cy;gn and Croy are the only param-
eters that determine the final slope in this model. Surprisingly,
this oversimplified model can already produce some changes in
the measured attenuation curve. However, the weakness of this
model is apparent. The result depends on the wavelengths of the
lines involved rather than the species of ions that produce them.
As a consequence, the slopes for Balmer lines such as mpy, 1y
and my, gs become lower than their true values, as shown in the
top leftmost panel of Fig. 10, contrary to the observed results. On
the other hand, for the high ionization line ratio mysym,jomij, this
model yields a slope that is higher than the true value, different
from the observations.

To solve the discrepancy associated with mysim jomy, we
added new parameters to the model by setting different intrinsic
line ratios for Chjgnh and Cpoyw. This model simulates the situation
where two kinds of ionized regions, H1I regions (Cy;gn) and DIG
(CLow) are mixed in observations. If we denote ) migh and 73 Low
as the intrinsic values of (f3/fue) for Chigh and Crow, Eq. (17)
becomes

—04Aysal, ~0.4AyLoul
7, High7 10774V )y o (1 — 1) 1077 Lowly
04 Ayl —04Avionls, "
T, Highf 107772ty 4 o (1 = ) 1077 ety
(18)

(f/h /f/lz)obs =
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Fig. 10. Effective attenuation laws generated by different models. Row a) shows several logarithmic line ratio versus logarithmic Balmer derement
relations predicted by a partially covered cloud model. For comparison, we also plotted the relation predicted by the F99 extinction curve and the
median relation we found in MaNGA. Row b) shows the relations predicted by a two-component model with different intrinsic line ratios. We
made the H II component to have overall lower intrinsic line ratios (relative to Ha) compared to the DIG component. Row ¢) shows a similar model
as Row b), but the underlying true attenuation curve is replaced with the CCM89 extinction curve. All y axes have arbitrary normalization.

The intrinsic flux ratio 7, gignow) should depend on the species
of the ion as well as nebular parameters such as the metallic-
ity, but for now we chose a set of values that could roughly
reproduce the slopes we measured in MaNGA, which is listed
in Table 2. For each line, we set a value for 1og(r High/7 1, Low)-
From Table 2, we see that in order to fit the observed slopes, we
need to make Cyjen (HII component) have overall lower intrinsic
forbidden line ratios compared to Cy oy, (DIG component), which
is qualitatively consistent with observations (e.g., Zhang et al.
2017; Belfiore et al. 2022)8.

There is, however, still a discrepancy for my, p,. One might
wonder whether we can achieve better agreement with the obser-
vation by changing the underlying attenuation curve. Indeed,
the bottom panels of Fig. 10 shows that if we instead assume
a Cardelli et al. (1989) extinction curve with Ry = 3.1 (CCM89)
as the true underlying extinction curve, my.n, gets slightly
closer to the observed values. Adjusting the Balmer decrement
values for Chign and Croy can further improve the fit. In addi-
tion, we changed log(r(simy, tigh/Fisui,Low) from —0.20 to —0.30
in order to fit msymjonr in this case. To determine the proper
physical models and model parameters, we need evidence from

8 We note that the assumed line ratios for the two components will
affect the resulting slopes, and some fine-tuning is required to make it
work approximately.
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Table 2. Logarithmic difference between the intrinsic line strengths of
Chiigh and Cpqy, in a DIG contamination model.

Line log(r 1 igh/TaLow) ®
Balmer lines 0

[N11] -0.05

[O11] -0.30

[O 1] -0.20

[S 1] —-0.20 (F99), —0.30 (CCM&9)

Notes. “Here, r, is defined to be f;/ fu, at zero attenuation.

high-resolution observations. One example using the MaNGA
observation of the galaxy IC 342 is discussed in Appendix C.
The above models assume that the two components, Chigh
and Cp, have fixed magnitudes of attenuation so that the atten-
uation differences among H1I regions are solely driven by the
change in the weights of the two components. In reality, one
expects the magnitude of the attenuation of the two (if not
more) components also change. We can try going to another
extreme by assuming that Cggn and Croy have fixed weights in
their contributions to Ha and the attenuation differences among
different MaNGA spaxels are solely driven by the change in



X. Ji et al.: Multicomponent dust attenuation for nebular emission lines

0.25 -
7
0.20
= Av, High
O 0.15
=
Z0
: h r)=0.5.AV‘Low=0
S s N=0.75AyLon=0
0.05 nZO.S,AV‘LOWZO.B
- = F99
0.000 — = MaNGA .

0.05 0.10
log(Ha/HB/2.86)

0.15

Fig. 11. Two-component attenuation model for [N 11]/[O 11], where only
the attenuation of the more attenuated component is varied. Different
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butions from the two components as well as different Ay o. The arrow
shows the direction of increasing Ay pign in the model.

the magnitudes of the attenuation for Cyign and Croyw. If, for
example, we keep Ayow constant but vary Aymigh, One expects
Avyeg to first increase with increasing Ayyign but then start to
decrease at some point due to the reduction of the observed
fluxes from Cpign. This makes the Balmer decrement not a mono-
tonic function of Aypien. Besides the Balmer decrement, other
line ratios would also reach an extreme value and then turn
around. Figure 11 shows such a toy model for the attenuation
of [NI]/[O1]. The turn-around point depends on the value of
n. When n = 0.5, the turn around happens when the observed
Balmer decrement changes by ~0.05 dex from the value under
AvyLow; for p = 0.75, the turn around happens when the observed
Balmer decrement changes by ~0.10dex from the value under
Avyrow. We did not observe this behavior clearly in our sample,
indicating that this is not a dominant effect but could contribute
to the scatter in the attenuation.

On the other hand, if we vary Aymign and Aypoy by the
same amount, there is no change in the attenuation curve. This
is because changing both Ays by the same amount effectively
changes the column density of the common foreground dust
screen.

The observations likely include both changes in the intrinsic
flux ratios between Cjn and Cpoy and variations in the magni-
tudes of Aynigh and AyLow. Within our 3D bins, the latter effect
might be present as scatters rather than dominating the trend for
different reddening relations. To check whether these toy models
are applicable to realistic data, we examined the observational
evidence in the next subsection.

5.3. Comparison with observations

In Sect. 5.1, we showed how the slopes of different redden-
ing relations change with the gas-phase metallicity in Fig. 8.
Among the slope measurements we showed, mysimjomnr; and
myorm,jom exhibit the most clear dependence on the metallicity,
which we suspected to be related to the DIG contamination on
the observed [OIT]. Previous studies show the [O miT]/HgB differ-

ence between the HII region and the DIG increases with increas-
ing galaxy masses (Zhang et al. 2017; Belfiore et al. 2022), and
thus increasing metallicity. The key question is whether the two-
component model can explain the trends for mysumon; and
myom,jom given the observational evidence on the change of the
[O 1]/HB difference.

Intuitively, when the observed [OTII][/HB has a larger con-
tribution from the DIG, one might expect [O IIT] becomes less
attenuated compared to other lines as the DIG contains less
dust compared to HII regions. As a consequence, msmj[omr] =
(Arsim — Ajomm)/(Ane — Anp) would decrease and monm jom =
(Arormn —Ajom)/ (Ane —Ang) would increase, assuming the intrin-
sic line ratios, 7 High/7aLow. Of other lines remain unchanged.
Whereas as we have pointed out, this does not explain why
mysmry,jorr and myomm,jom deviate more from the expected F99
values at lower metallicities where the DIG has more similar
intrinsic line ratios as HII regions.

Using our two-component model, we find the opposite of the
observed trends for mysim,jorm and mjormjom- When we fixed
T High/" o Low for other line ratios while increasing 7, migh/7,Low
for [O 111] (which effectively reduces the difference in [O 111]/HS
between H1I regions and the DIG), mysmrjonr became smaller
and myony o became larger. This is because in our two-
component model, the observed change in the Balmer decrement
is driven by the change of the fractional contributions from the
H1I component and the DIG component. As the Balmer decre-
ment becomes larger, the HII component gradually dominates
and the observed line ratios approach the intrinsic line ratios
of the HI1 component. Therefore, once the relative strength of
[O 1] increases in the HII component (i.e., less DIG contam-
ination), our model actually predicts a boost in the increase of
total [O11I] when the observed Balmer decrement increases. As
a result, if only the change in [O II]/HG is considered, the two-
component model would fail to describe the metallicity depen-
dence of msmm jonm and morm,jom-

However, a complicating factor here is that [OTII] is not
the only line whose relative strength in HII regions and DIG
changes with the metallicity. In fact, the value of [O 11]/HS in the
DIG is also likely a function of the stellar mass and metallicity
(Zhang et al. 2017). When there are other line ratios changing
together with [O1IT]/HB, the final slope for the reddening rela-
tion would depend on the both the intrinsic shape of the true
extinction curve and the relative change in different line ratios.
In principle we can tune the model predictions to follow the
observed trends of mysi,jonr; and myonry jor, but without further
evidence from resolved observations we opt for not adding extra
parameters related to different line ratios so as to avoid over-
fitting. Furthermore, in MaNGA SF spaxels, the metallicity is
found to correlate with the Ha surface brightness, which is neg-
atively correlated with the DIG contamination (Oey et al. 2007;
Zhang et al. 2017). Therefore, the overall level of the DIG con-
tamination could also change with the metallicity of the MaNGA
SF spaxels, which is not captured by our simple toy model.

In summary, in order to explain the observed dependence of
the reddening relations on the metallicity, our model requires the
relative strengths of various lines to change in the DIG along
with [O1I]/HB. This extra assumption needs verification from
resolved observations of HII regions with a range of host galaxy
masses and metallicities and is beyond the scope of the current
paper.

A more direct test of the scale-dependent attenuation model
is to measure the attenuation of different emission lines using
IFU data with high spatial resolutions. In Appendix C, we apply
our method to the high-resolution IFU data within a single
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galaxy, IC 342. While the effect of multicomponent attenuation
appears to vanish in this case, the uncertainties of the derived
slopes are large due to the small number of spaxels. It would be
interesting to determine a physical scale, around which the atten-
uations of different emission lines start to have good agreements.
We plan to further investigate this problem using a larger set of
high-resolution IFU data in future work.

Thus far, we have discussed the physical picture for the mul-
ticomponent attenuation, but we have not discussed its impact
on observational studies. In the next section, we detail the biases
from improper attenuation corrections.

6. Impact on nebular diagnositcs

There are many widely used strong-line metallicity calibrations
and ionization parameter calibrations relying on attenuation-
sensitive line ratios. For example, the calibration of N/O in
H1 regions relies on the attenuation corrected [NII]/[OT1I]
(Thurston et al. 1996), the R23 metallicity estimator involves the
attenuation corrected [O 1T]/HB (Pagel et al. 1979), the ionization
parameter calibration usually involves the attenuation corrected
[Oma)/[O11] or [S1r]/[S] (Diaz et al. 1991; Kewley & Dopita
2002), and so forth.

If the attenuation correction is biased, the derived nebular
parameters based on the line ratios above would be biased. Our
results have shown that using a single attenuation curve for cor-
recting emission lines from different transitions is inaccurate.
However, how to quantify this impact is nontrivial.

If we ignored the underlying dust model and thought differ-
ent lines were simply described by different attenuation curves,
the fractional bias in nebular diagnostics from using a single
attenuation curve was in general around 10%-20% depending
on the calibration method and the overall attenuation. For exam-
ple, our results show the F99 extinction curve with Ry = 3.1
fits the attenuation of Balmer line ratios well but does not fits
the attenuation of [N 11]/[O I1]. From Table 1, one can see using
the F99 curve would underestimate the intrinsic [N I1]/[O I1], cre-
ating an average systematic bias of 0.05 dex in N/O derived
from [N1I]/[O11] using Thurston et al. (1996)’s prescription at
Ay = 1, where Ay is derived from the Balmer decrement. As
another example, using the F99 curve to correct [SmI]/[S1I]
would underestimate the ionization parameter by 0.08 dex at
Ay = 1 (Diaz et al. 1991). Compared to the systematic difference
between different strong-line calibrations (Kewley et al. 2019),
the amount of bias estimated this way is not very significant.

However, as we have shown in Sect. 5, the potential existence
of unresolved multicomponent attenuation cannot be simply
described by different attenuation curves. In our two-component
dust model, one expect the attenuation correction bias is small
when the observed fluxes are dominated by Cign or Cpow, but
becomes larger when Chjgn and Cpoy have similar contributions
to the observed fluxes. Using the same model as we constructed
in Sect. 6, where the intrinsic log(Ha/HB/2.86) is set to 0.4 for
Chigh and 0 for Cpow, we can calculate how the line ratios cor-
rected based on the apparent log(Ha/HB/2.86) differ from the
intrinsic line ratios. For a partial coverage dust model, the bias
due to the F99 correction in [N11]/[O11] is 0.06 dex when the
apparent Ay = 1. For a HII + DIG model assuming the param-
eters in Table 2, the bias becomes 0.25 dex at Ay = 1, which
would significantly underestimate the intrinsic N/O by 44%.
Meanwhile, there is also a bias in the corrected Ha flux, which is
roughly 0.23 dex at Ay = 1 in both cases, which would bias the
estimated SFR by 0.16 dex or 0.23 dex depending on whether
the less attenuated component is from DIG or HII regions. We
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note that the bias estimation strongly relies on the dust model
and could vary in galaxies. For example, the larger the attenua-
tion difference between Chjgn and Cy oy or the larger the line ratio
difference between Chjgn and Cpoy, the larger the resulting bias.
Regardless, estimating the bias using dust models are more phys-
ically motivated than simply using different attenuation curves.

We thereby conclude that the impact from using a single
attenuation curve depends on the dust model and the physical
conditions in galaxies. In our two-component model, the impact
would be negligible if a partial coverage scenario is assumed,
but would be significant if the differently attenuated components
have different intrinsic line ratios. Again, to constrain the dust
model, we need high-resolution data in future work.

To proceed further from the physical picture we proposed, it
is important to verify the assumptions we made in our method. In
the next section, we discuss the validity of our method in detail.

7. Discussion

In this section we examine three important assumptions we made
in this work. First, we discuss the form of the likelihood function
and check the effect of the intrinsic scatter. Second, we discuss
the 3D binning scheme and check its impact on the results. Third,
we check the sample selection effect and its implications.

7.1. Impact of the intrinsic scatter in the Balmer decrement

Our likelihood function, Eq. (12), considers measurement errors
on both axes, but assumes the intrinsic scatter is only in y, the
dependent variable. When there is truly no intrinsic scatter in x,
our function can well reproduce the true slope, intercept, and the
intrinsic scatter in y, as is shown in Appendix A.

We also performed tests where intrinsic scatter was manu-
ally added to x. In such cases, ignoring the intrinsic scatter in
x during the fits results in an underestimation of the true slope.
Also, it is noteworthy that not a great amount of the intrinsic
scatter is needed to result in considerable change in the derived
slope. For example, a Gaussian intrinsic scatter with o =~ 0.022
in the Balmer decrement is enough to make one underestimate
the mNm om by ~0.3, changing it from the F99 value to the
median value we measured in MaNGA.

Despite its important effect, there is much evidence against
the presence of the intrinsic scatter in x, the Balmer decre-
ment. The most likely origin of the intrinsic scatter in x is
the variation in the intrinsic Ha/HB due to the temperature
and density variation (Osterbrock & Ferland 2006). However,
by our construction of the 3D bins, variations in the metallic-
ity and ionization parameter are negligibly small within each
bin, which makes the temperature variations to be small as well.
In fact, according to our CLOUDY model, even when we con-
sider a wide range of metallicity and ionization parameter, with
7.39 < 12 +1og(O/H) < 9.19 and —4.0 < log(U) < —1.5,
the maximum variation in He/Hp is only 0.022 dex from mini-
mum to maximum. The expected variation in each bin is much
smaller and cannot explain the discrepancy between the F99 val-
ues and our measurements. Furthermore, we performed another
test where we added an extra dimension using the density-
sensitive log([S1]A6716/[S11JA6731) and constructed 4D bins,
within which the density variations are well constrained. The
results based on the 4D bins are nearly identical to the ones based
on the 3D bins, meaning that density variations do not introduce
any noticeable intrinsic scatter.

Even if we assume the intrinsic scatter in the Balmer decre-
ment were somehow responsible for the discrepancy between
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Fig. 12. Intrinsic scatters in y for the Balmer reddening relations as functions of the S/N of the weaker Balmer lines. Each point represents a 3D
bin, and its median S/N is plotted. Left: how the derived intrinsic scatter in log(Ha/Hy) varies with the S/N of Hy. Right: how the derived intrinsic

scatter in log(Ha/H0) varies with the S/N of Hé.

the observed slopes and F99, we would have to adopt dif-
ferent values of intrinsic scatter for different slope measure-
ments. For example, while making mnm o agree with F99
requires an intrinsic scatter of 0.022 dex for the Balmer decre-
ment, monry,jor; needs a significantly different intrinsic scatter of
0.034 dex. In addition, slopes of Balmer line ratios and high ion-
ization line ratios are already in good agreement with F99 and
only allow an intrinsic scatter <0.01 dex. These results are not
self-consistent, as the intrinsic scatter in x should only depend
on the data distribution along the x axis, which is the same for
all the slope measurements using the same set of 3D bins.

However, according to Fig. 3, our likelihood function pre-
dicts nonzero intrinsic scatters for Ha/Hy and Ha/Ho, which
seems to contradict our assumption. We note that the origin of
this intrinsic scatter might come from the imperfect estimations
on the measurement errors. As shown in Fig. 12, the derived
intrinsic scatters for these Balmer ratios are negatively correlated
with the S/N of Balmer lines. He/H¢d also shows larger intrinsic
scatter compared to Ha/Hy, which could come from the overall
poorer detection on Hé. Specifically, the errors resulted from the
stellar continuum subtraction could play a role, which is sup-
posed to be anticorrelated with the S/N. It is possible that the
likelihood function attempts to compensate the effects from the
total errors with the intrinsic scatter. If it is true, one expects
Ha/Hp to show even smaller intrinsic scatter (< 0.01), as HB is
has overall higher S/N than Hy °.

We used a series of tests to further check if there could be any
intrinsic scatter in Ha/Hp. First, we found that when there was
significant intrinsic scatter in x that was ignored, the measured
intrinsic scatter for y would be overestimated, and the measured
slope would be underestimated. Second, we measured a new red-
dening relation between log([N1I]/[O 11]) and log(Ha/Hy). The
F99 value for this relation is 1.321, whereas the value based on
our previous measurements, m[/Nlll,[Olll /m;_m’Hy, is 1.134. When
we ignored the intrinsic scatter in He/Hy, we obtained a slope
of 1.08, which is indeed an underestimation. If we included the
intrinsic scatter in Ha/Hy in the likelihood function, we obtained

°  One might also wonder about the impact from flux calibrations. Since
we defined the reddening relations in logarithmic line-ratio spaces, any
systematic bias in flux calibrations would only change the intercept
rather than the slope.

a slope of 1.145, which is more consistent with the value based
on our previous measurements. In addition, the derived intrin-
sic scatter for log([N11]/[O11]) is 0.033, in good agreement with
our previous measurement, which is 0.032. If Ha/HS has sig-
nificant intrinsic scatter, one expects the intrinsic scatters in both
log([N 11])/[O11]) and log(Ha/Hy) were overestimated previously.
As a result, using the overestimated intrinsic scatter in Ha/Hy,
one should overestimate the slope of the log([N1I1]/[O1I]) ver-
sus log(Ha/Hy) relation. In other words, if the intrinsic scatter
in Ha/HB is truly responsible for making m[NuJ,[ouJ deviate from
the F99 value, our derived slope for the log([NII]/[O I1]) versus
log(Ha/Hy) relation should actually be larger than the F99 value.
From our tests, we see that the intrinsic scatter in Ha/HgB, even
if present, should be negligibly small.

Finally, we would like to comment on the general approach
to linear regression problems with measurement uncertain-
ties and intrinsic scatters. The method we adopted from
Tremaine et al. (2002) cannot simultaneously estimate intrinsic
scatters in both axes. Only when one knows the intrinsic scat-
ter in one axis, can one use this method to obtain an unbiased
estimation of the intrinsic scatter in the other axis. The general
approach by Kelly (2007) also does not deal with the case where
both axes have intrinsic scatters. However, in principle one can
further generalize Kelly (2007)’s approach. Another question is
whether a Gaussian component is enough to describe the intrin-
sic scatter, especially when it is related to measurement errors.
We intend to further explore the possibility of a general solution
in future work.

7.2. Impact of the binning method on the derived slopes

Most of our slope measurements are based on cubic bins in the
log([N 1]/Ha)-log([S ]/Ha)-log([O 111]/HB) space with number
of spaxels greater than 180. We performed a series of tests to see
how the size and the number cut for the 3D bins influence our
results.

On the one hand, one expects the larger the bin size, the
greater the intrinsic scatter within each bin, which increases the
uncertainty of the measured slope. To test this effect, we made
the volume of each bin eight times as big (with a bin size of
0.034x0.034x0.034 dex?), but keep the cut on the number of

spaxels. While we found m[NHJ o] remains roughly unchanged,
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the oy of the slope distribution increases from 0.13 to 0.17. For
reddening relations that have shallower slopes and thus are more
susceptible to the intrinsic scatter, one might expect the median
slopes are also affected by the bin size. For example, mqyy om
has a significant change from 0.46 to 0.30 after we adopted larger
bins. However, the change in the median metallicity could play
an important role in the change as well. Since the high metallic-
ity MaNGA spaxels are more densely populated in the line-ratio
space, using larger bins while keeping the cut on the number of
spaxels allows more low metallicity bins to be considered while
reducing the total number of high metallicity bins. This tends to
lower the median slope for [O 1IT]/[O 1] (see e.g., Fig. 8).

Our conclusions also remain valid for measurements based
on smaller bins. We performed another test by making the
volume of each bin 5.7 times as small (with a bin size of
0.0084x0.0084x0.0116 dex?). In this case no bin has more than
180 spaxels. By lowering the number cut to 55, we obtained

2783 bins, whose mENII],[OII] = 1.514+0.004 and mfom],[on] =

0.508+0.004 are again close to our results from the original bin-
ning. Since each small-size bin contains fewer spaxels, the sta-
tistical uncertainty of the linear fitting becomes larger in each
bin. One can see there are different uncertainties for large bins
and small bins. Regardless, we have shown that our conclusions
remain valid over a wide range in bin size.

On the other hand, changing the cut on the number of spax-
els also has an effect on the median and the width of the slope
distribution. We expect that increasing (decreasing) the lower
limit of the cut reduces (enlarges) the width of the slope distribu-
tion while biasing the median slope to the high (low) metallicity
value. To check this, we kept the size of each bin unchanged and
performed two additional sets of fitting with bins having more
than 300 data points and 100 data points, which include 527 bins
and 7287 bins, respectively. We obtained mENH]’[OH] = 1.51 and
oga;nNmor = 0.10 for bins having more than 300 data points,
and mENII],[OII] = 1.51 and O std;[NII],[O1I] = 0.16 for bins hav-
ing more than 100 data points. Whereas m;q;; o = 0.53 and
o s:qomor; = 0.10 for bins having more than 300 data points,
and mEOHI],[OH] = 0.40 and O std;[OlI,[O1l] = 0.23 for bins hav-
ing more than 100 data points. These results are consistent with
our expectations. Specifically, m|qy, (ony 18 increasingly reflect-
ing the low metallicities regions as we lowered the number cut.

In brief, both the size of the 3D bins and the spaxel number
cut could affect the width and the median values of the slope
distribution, with the latter effect being mainly a reflection of
the metallicity dependence of certain slopes. Nevertheless, our
main conclusion about the inconsistent attenuation laws between
different species of lines still holds, nearly irrespective of the
binning method.

7.3. Bias from an attenuation dependent line-ratio space

The next important effect associated with our binning method
is the correlation between different slopes. As we have seen
in Sect. 4, since we constructed bins by constraining the vari-
ation in [N 11]/He, [S 11]/Hea, and [O 11]/Hp, slopes of some line
ratios are tied together. This would not be a problem if all emis-
sion lines are seeing the same attenuation curve. However, if
there are different attenuation laws for different lines due to, for
example, contamination from the DIG, our assumption breaks
down since [N1I]/He, [S1I]/Ha, and [O111]/HB no longer form
an attenuation-insensitive space. This could bias the slope mea-
surements. In addition, there are problems associated with the
additivity for certain line ratios, especially the hybrid line ratios,
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which could also be related to the attenuation dependence of the
3D space.

To understand this effect, we performed a simple test to
recompute myy oy A Mgy o With a semi-empirical data
set. To generate the data set, we first extracted the observed Ha
and Hp fluxes from the spaxels that were identified as SF regions
in MaNGA and set them as the attenuated fluxes with no uncer-
tainties for the simulated data. We then treated the Ha and HB
fluxes corrected by the F99 extinction curve as the true unattenu-
ated fluxes. The simulated “observed” fluxes were computed by
adding Gaussian errors to the attenuated fluxes using the uncer-
tainty estimations of DAP.

Next, we set the observed [N 11]/He, [S 11]/He, and [O 1I1]/HB
ratios as the intrinsic ratios for the simulated data set. Combin-
ing these with the intrinsic fluxes of Balmer lines, we obtained
the intrinsic fluxes of [N1I], [S11], and [O11I]. However, when
computing the attenuated fluxes for these lines, we used dif-
ferent attenuation curves for different lines. Specifically, we
made [nm = 0.827 E9 and lism = 0.827 E " and Lo =

[NII] INUE
0.948 ZF(%?H]' Here we assumed all low ionization lines share the

same attenuation curve, while all high ionization lines share a
different one. This assumption is oversimplified, but it can make
the expected slopes including mjyy, om and Mgy o t© be
close to our measured values in Table 1. Measurement errors
were subsequently added to these lines.

The intrinsic fluxes for [O1I], on the other hand, were set
by a theoretical photoionization model. With the SF-ionized
model computed by Ji & Yan (2020), we estimated the metal-
licity and ionization parameter for every SF spaxel using the
assumed true values of [N 1I]/He, [S 11]/He, and [O 111]/HB. Then
for each spaxel, we find the model prediction for [NII]/[O11]
using the estimated metallicity and ionization parameter. Com-
bining [N 11]/[O 11] with the intrinsic fluxes of [N II], we obtained
the intrinsic fluxes for [O I1]. The attenuated [O II] was then com-
puted by setting /jom = 0.827[8}. After we obtained the simu-
lated observed line ratios, we added small intrinsic scatters to
these line ratios. Next, we corrected the manually attenuated
[N11]/He, [S1]/He, and [O 1I1]/HPB using the F99 curve and cre-
ated 3D bins. As the final step, we remeasured m[/Nlll,[Oll] and
mEOIII],[OH] based on the semi-empirical data set.

As expected, the resulting slopes deviate from the F99 val-
ues due to our modification of the attenuation law. Interest-
ingly, they are not entirely consistent with the expected values
from the modified curves either. We found mENH],[OII] ~ 1.59
and mfom],[on] ~ 0.61, whereas the modified curves predict

7

M jom ~ 1.53 and mEOHH,[OH] ~ 0.45. In addition, the additiv-

. . . ’ ’ 4 ~
ity of slopes is violated and m\p, .o ~ "{nr.jonm ~ ™jorm jom

’ ~ ~ 5 F99
0.09. We note that Mixm.om) ~ 0.89 ~ m[I}HI],[OIH] even after

we modified the attenuation law. In comparison, the expected
modified value for mENHL[OIH] is 1.07. This indicates mENHMOm]
is likely fixed by our construction of the 3D bins and the preap-
plied extinction correction based on the F99 curve, making it
almost always follow the F99 extinction curve.

When generating the semi-empirical data, we noticed
another effect associated with the measurement errors. If we
made the propagated measurement errors for the logarithmic line
ratios Gaussians rather than made the flux errors Gaussians, the
additivity seemed to be retrieved, although the slopes were still
different from the expected values. In such a case, m[’Nu],[OH]
1.53, mfom],[ou] ~ 0.68, and |mfN11],[011]_m[Nu],[on]_mENH],[om]l <
0.01. This effect suggests the loss of the additivity is associated
with the error distributions. If the flux errors are Gaussians and

~
=~
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the propagated errors for logarithmic line ratios deviate from
Gaussians significantly, the likelihood function seems to bias
the results and violate the additivity. Once we manually set the
measurement errors to be 1/2 of the current values, the additiv-
ity was satisfied to a good approximation even if we assumed
Gaussian errors for line fluxes. However, as we have seen in
Sect. 4.4, increasing the S/N does not improve the additivity for
[NTO)/[O1],[O1]/[O11], and [N 1]/[O111] in the MaNGA sam-
ple. In addition, we did not find such a bias associated with the
error distribution in another simulated data set in Appendix A
even after we manually lowered the S/N of lines to be close to 3.

In fact, by checking the dependence of the derived slopes on
various physical parameters, we find the surface brightness of
Ha seems more relevant to the additivity issue compared to the
S/N, which we discuss in Sect. 7.5. All the evidence implies that
although our semi-empirical data set can provide hints on the
effects of binning biases, it is not realistic enough to reproduce
our measurements with the MaNGA main sample.

In summary, when there exists different attenuation laws for
different lines, the final slopes derived from 3D bins are affected
but could still be different from the expected values from the
modified curves. Meanwhile, the assumption of the error distri-
bution could lead to the loss of the additivity of slopes, but it
cannot explain the results we found in our sample.

7.4. Reliability of the BPT diagrams

A fundamental assumption of our 3D binning method is that the
line ratio variations in the 3D-BPT space are reflecting the intrin-
sic variations in the metallicity, ionization parameter, and other
physical parameters (except the attenuation) in SF regions. This
assumption is widely adopted since the theoretical photoioniza-
tion models with varying nebular parameters can well reproduce
the shapes of the SF loci in the BPT diagrams (e.g., Kewley et al.
2001, 2019; Dopita et al. 2013; D’ Agostino et al. 2019). In addi-
tion, although photoionization models show significant degen-
eracy between the metallicity and ionization parameter in the
2D-BPT diagrams, the degeneracy disappears in the 3D-BPT
space (Vogt et al. 2014; Ji & Yan 2020). However, there are still
several caveats we would like to discuss.

First, the SF loci in the BPT diagrams could be affected
by the DIG contamination. As shown by Sanders et al. (2020),
the resolved HII regions in the CHemical Abundances Of Spi-
rals survey (CHAOS, Berg et al. 2015; Croxall et al. 2015, 2016;
Berg et al. 2020) show a systematic offset from the MaNGA SF
spaxels in the [S1I]-based BPT diagram. If the DIG contamina-
tion is strong enough to shift observed SF regions in the BPT dia-
grams, there would be important systematic uncertainties when
people use these line ratios to constrain metallicities and ioniza-
tion parameters. However, as noted by Mannucci et al. (2021),
the aperture effect for H1I regions become important for high-
resolution studies. When a single H 11 region is not fully sampled
in space, the line ratios would depend on the size of the aperture
and the results cannot be directly compared with photoionization
models that calculate the integrated emission line spectra for the
whole H1I region. After taking the aperture effect into account,
Mannucci et al. (2021) argue the DIG contamination only has a
secondary effect on the BPT diagnostics of MaNGA SF spaxels.
Therefore, the DIG contamination is likely not strong enough to
shift the whole SF locus in the line-ratio space. Whereas the DIG
contamination on the observed attenuation within small regions
of the line-ratio space cannot be ruled out.

Second, there could be degeneracy between the evolutionary
stage and the metallicity of HII regions. By modeling the time

evolution of an H1II region, Pellegrini et al. (2020b) were able
to cover a large area in the [N1I]-based BPT diagrams with a
photoionization model grid at fixed metallicity. If the observed
H1I regions really show a significant variation in their evolu-
tionary stages, they would show scatter similar to the metallic-
ity variation in BPT diagrams (see also Byler et al. 2017). Still,
the level of potential degeneracy introduced by this effect is still
unclear. In surveys like MaNGA, the unresolved HII regions
are effectively light-weighted ionized regions. Since H1I regions
at different evolutionary phases are characterized by different
brightnesses, it is likely that the observations are biased toward
some average phases, which might alleviate this degeneracy.

Finally, this work also raises a question about whether the
BPT space is truly attenuation-free at low spatial resolution.
Although we started our calculation with the attenuation-free
assumption, the results we obtained suggest differential attenua-
tion that depends on the species of lines, undermining the initial
assumption we made. Under different attenuation curves, vari-
ations in metallicities and ionization parameters are no longer
well constrained in individual bins, which is reflected by the
results we show in the previous subsection. Still the amount of
bias associated with this process depends on the mechanism that
results in different apparent attenuation laws, which could be
much more complicated than the DIG contamination model we
proposed.

To conclude, despite being powerful diagnostic tools, BPT
diagrams are still not fully understood in terms of their appli-
cability and their implication. A large spectroscopic sample
of well-resolved HII regions and more sophisticated photoion-
ization models are both needed to solve the aforementioned
problems.

7.5. Dependence of the derived attenuation law on galaxy
properties

As summarized by Salim & Narayanan (2020), observations
have shown the shape of the attenuation curve depends on a num-
ber of galaxy properties including the metallicity, stellar mass,
inclination, dust column density, etc. Thus far, we have seen
the relative attenuation we derived shows dependencies on the
metallicity and the S/N of the lines. Some of the dependencies
might come from the true variation of the attenuation law, while
others might be related to the observational bias induced by
differently attenuated components. In this subsection we exam-
ine these potential dependencies by checking how the sample
selections based on the Ha surface brightness (Xy, ), inclination
(b/a), and Ay influence our results. The Ha surface brightness is
anticorrelated with the contamination from the DIG (Oey et al.
2007; Zhang et al. 2017), and it is also partly related to the S/N
of lines and the metallicity of the galaxy. Therefore, the observa-
tional bias associated with the unresolved DIG could be reflected
by the dependence of the attenuation on Zy,. The inclination and
Ay are closely related to the column density of the dust and could
reflect the intrinsic variations of the attenuation curve due to dust
geometries and compositions.

Table 3 summarizes the resulting slopes for several line
ratios with different sample selection criteria. We inspected two
sets of line ratios: 1) [S1]/[O 1], [S n1]/Ha, and Ha/[O 111], 2)
[NT]/[O1], [NT]/[Or], [O1r]/[O11]. Ideally, slopes for each
set of line ratios should satisfy additivity. When doing the sam-
ple selection, we made sure the number of spaxels selected
by each selection criterion is larger than a minimum number
(roughly 60 ~ 90). Meanwhile, we used the same set of 3D bins
when making cut on the same physical parameter to control the
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Table 3. Median slopes of reddening relations of different line ratios derived from samples selected by Xy, and b/a.

Sample selection

’ ’
M shy, o) M s111),Ha

’ ’ ’ ’
My jo11] M N, [o) M N om M omy,[o1]

The < 10¥ ergs™ kpc? 3.16+0.05

1.13+£0.07 0.8918+0.0006 2.05+0.03 0.9055+0.0008

—-0.25+0.02

The > 2x10¥ ergs' kpe™? 1.705+0.008 0.770+0.008 0.8890+0.0005 1.456+0.005 0.9031+0.0007 0.502+0.005

b/a < 0.6 1.767+0.009 0.74+0.01 0.8888+0.0004 1.525+0.004 0.9020+0.0006 0.490+0.005
b/a>0.7 1.68+0.02  0.33+0.02 0.8915+0.0006 1.495+0.007 0.9068+0.0008 0.187+0.010
F99 curve with Ry = 3.1 1.695 0.811 0.8845 1.844 0.8935 0.950

Notes. When splitting the sample according to each of the parameters above, we only selected 3D bins with the number of spaxels satisfying each
selection criterion greater than 60 ~ 90 so that the final number of bins is ~1000.

metallicity effect on the resulting slopes, though the spaxels in
each bin could be somewhat different. We chose not to divide the
sample according to Ay, of which the reason will be discussed
later in this subsection.

For the sample selection based on Xy,, we made two samples
with Sy, < 10 ergs™' kpe™ and Zy, > 2x10°° ergs~' kpc 2,
where Xy, is corrected for extinction using the F99 extinction
curve. One can see for the low Xy, sample, mESHIL[OHH is much

F99

larger than m gy, o and Mgy o > Mistmpa + Mo o ON
F99

the other hand, m[NH] jom 1s slightly closer to M om at low

2He, but has much larger uncertainty. Meanwhile, at low Xy,
Moy o €Ven becomes negative. In fact, all measured slopes
except Mg jorm and mynmjonn; show wide distributions at low
Ha, Which are reflected by the uncertainties of the medians. For
mi—[a,[OlII] and m[NH] (o) their measured values are fixed by our
construction of the 3D bins (see Sect. 7.3).

At high Xy, both sets of line ratios follow the additivity bet-
ter, although mENH]’[OH] deviates more from the F99 value. The
behavior of the first set of line ratios involving [S IIT] and [O 111]
seems to support the scenario of the DIG contamination, which
should be reduced in brighter regions dominated by H1I regions.
As Xy, increases, both m[sm] o] and m[sm] 1o become much
closer to the expected F99 values. While for the second set of
line ratios, despite the retrieval of its additivity at high Xy,,

[NH] (o and m[OHI] (o1 remain biased at high Zpy,, although

[0111] jor) does get closer to the corresponding F99 value. One
might wonder whether the slopes of Balmer lines also change
with Xy,. We found both mf—m,Hy and my;, s to slightly decrease
at high Zy,, but my;, ;s is still greater than mjy;, op; by roughly
0.05, meaning they still cannot be fitted by the same attenuation
curve.

In Sect. 4.4, we found the S/N cut was able to improve
the additivity for the first set of line ratios, but failed for the
second set of line ratios. Compared to the cut on S/N, the cut
on Xy, provides an overall better recovery of the additivity,
but the physical picture behind is still unclear. In addition, the
DIG contamination scenario is not able to explain the devia-
tions of miyy om and Mgy oy from the F99 values. We also
ran another test that divided the sample according to the equiv-
alent width of Ha, which can also be used to remove the DIG
(Cid Fernandes et al. 2011). However, we obtained similar results
where mjy om and Mgy o deviate from the F99 value.
Still, geometric effects caused by partially covered HII regions
could create a modified attenuation curve at low resolution
without the DIG (see Fig. 9 and Fig. 10). Then the question
becomes how the dust geometry would be different for dif-
ferent lines in bright HII regions. Again high-resolution data
are the key to fully understanding this problem, which we will
explore in future work.
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For the sample selection based on b/a, we made two sam-
ples with b/a < 0.6 and b/a > 0.7, respectively. This time the
differences between the slopes derived from the two samples are
smaller. The high inclination sample (b/a < 0.6) shows higher
Mg omy a0d Mgy py,» corresponding to a larger Ry under
the parameterization of Fitzpatrick (1999). If these differences
are truly driven by the change of the attenuation curve rather
than the observational bias, it means the more inclined regions
with larger dust column density exhibits a grayer attenuation
curve, which is qualitatively consistent with the conclusion of
Salim & Narayanan (2020). However, mlNlI] o1 and m[om] (o]
also become larger at high inclination, which requires a lower Ry
instead. This suggests either the intrinsic variation in the shape
of the attenuation curve due to the change of the inclination is
overwhelmed by the observation bias, or the intrinsic variation
cannot be completely characterized by the variation in Ry.

Finally, we checked the dependence of our results on Ay.
According to Salim & Narayanan (2020), Ay is a more funda-
mental parameter that correlates with the variation of the attenu-
ation curve, which has been extensively investigated in works
using galaxy spectral energy distribution (SED) fitting. Still,
the observational determination of the Ay dependence based
on galaxy SED fitting might be subject to systematic biases
from correlated uncertainties (Qin et al. 2022). We calculated Ay
using the Balmer decrement assuming the F99 extinction curve.
However, we cannot directly construct subsamples with Ay like
we did with the previous two parameters. This is because Ay
is exactly the x axis in the reddening relation we defined. Mak-
ing cuts on the observed independent variable with measurement
errors can easily bias the linear regression results, which is sim-
ilar to the “missing data problem” (see e.g., Gelman et al. 1995;
Little & Rubin 2002; Kelly 2007). Indeed, we found in many
cases that within a 3D bin, the slopes given by our maximum-
likelihood method using the high Ay spaxels and low Ay spaxels
are both larger than when using all spaxels. Therefore, instead of
making subsamples, we checked how the derived slopes depend
on the median Ay within each bin. We found the slope versus Ay
relations are very similar to the slope versus metallicity relations.
In fact, as shown by Fig. 13, the median Ay shows a strong pos-
itive correlation with the metallicity, indicating more metal-rich
clouds are also dustier on average. If the changes in the slopes
are mainly driven by the change in Ry due to increasing Ay,
one expects in Fig. §, m[sm] o) should increase with increas-
ing metallicity (and Ay) and mjqy, o should decrease with
increasing metallicity (and Ay) as the attenuation curve become
grayer. Given the opposite trends we obtained, the metallicity
effect is more likely to be responsible for the changes of slopes.
Due to the tight correlation between the median Ay and metal-
licity, we cannot find any clear dependence of the slopes on the
median Ay at fixed metallicities.
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Fig. 13. Correlation between the metallicity and the V-band attenuation
Ay for the 3D bins that contain more than 180 spaxels. The V-band
attenuation is derived from the Balmer decrement. For each 3D bin,
the median values of 12+log(O/H) and Ay are plotted. The vertical and
horizontal errorbars show the typical (median) standard deviations of
Ay and 12+log(O/H), respectively, in each 3D bin.

In summary, due to the observational bias possibly related to
the contamination of the DIG, the relative attenuation of forbid-
den lines show complex dependencies on various galaxy proper-
ties. Specifically, increasing Xy, seems to improve the additivity
of the slopes of the reddening relations, but the deviation from
the expected F99 curve remains for mjyy, o and Moy o
Changing b/a and Ay also affects the derived slopes, but the
results are likely dominated by the observational bias rather than
the intrinsic variation in Ry.

8. Summary and conclusions

In this work we study the nebular attenuation probed by dif-
ferent optical-to-NIR emission lines in MaNGA via a novel
method. This method bins observed SF spaxels in a 3D line-ratio
space spanned by [N 1I]/Hea, [S 11]/He, and [O 1iT]/HB. In theory,
within a small region in this attenuation-insensitive space, vari-
ations in nebular parameters such as the metallicity and ioniza-
tion parameter are well constrained, whereas the magnitude of
nebular attenuation is free to vary. Therefore, variations in the
attenuation-sensitive line ratios are dominated by nebular atten-
uation in each small 3D bin. By fitting linear models to red-
dening relations between logarithmic attenuation-sensitive line
ratios and logarithmic Balmer decrements, we measured the neb-
ular attenuation curve using different species of lines. We sum-
marize our results as follows.

First, reddening relations of high ionization line ratios,
including [S 1r]/[O 111] and [O 1i]/[Ne 111, shows median slopes
consistent with the predictions of a Fitzpatrick (1999) extinction
with Ry = 3.1. The same attenuation curve can well describe
the attenuation of Balmer lines as well. In contrast, line ratios
involving low ionization lines appear to follow a grayer atten-
uation curve inconsistent with high ionization line ratios and
Balmer line ratios. As a result, a single attenuation curve cannot
simultaneously explain the reddening of high ionization lines,
Balmer lines, and low ionization lines.

Second, we suspect the low spatial resolution of MaNGA
causes this discrepancy and propose a toy model that can pro-
duce different observed attenuation laws for different species of
lines. In the toy model, two distinct line-emitting components
with different levels of attenuation and different intrinsic line
ratios are mixed and their contributions to the integrated line
fluxes vary in different observations. The DIG contamination
could fit into this scenario and explain the variations of the atten-
uation curves as a result of the different intrinsic line ratios in
the DIG and H1I regions, but the model parameters are not well
constrained and high-resolution data are needed for verification.
We found evidence in the MaNGA ancillary observations of the
nearby galaxy IC 342 that at a higher spatial resolution, all emis-
sion lines follow an attenuation curve more consistent with the
Fitzpatrick (1999) one. However, the uncertainties of these mea-
surements are too large and we need a larger volume of data to
confirm these results.

Third, the impact of the multicomponent dust attenuation we
discovered on nebular diagnostics has a nontrivial dependence
on the dust model and the physical conditions in galaxies. If one
uses a single attenuation curve determined by Balmer lines to
correct observed forbidden line ratios, the corrected line ratios
and nebular parameters inferred from these line ratios could be
biased by 0.06-0.25 dex when the apparent Ay = 1, depending
on the assumptions in the attenuation model.

Finally, we checked the assumptions we made in our mea-
surements including the intrinsic scatter, the binning method,
and the sample selection. Although the intrinsic scatter in the
Balmer decrement, if present, could change our slope mea-
surements, our tests rule out any significant amount of intrin-
sic scatter in Ha/HB in our sample. We noticed the reddening
relations of some line ratios are correlated due to our construc-
tion of the 3D bins. If our 3D space is no longer attenuation-
free as indicated by the different attenuation laws, there would
be biases associated with the measurements. Still, the main con-
clusion about the differential attenuation remains qualitatively
unchanged, unless the 3D BPT diagrams we used are not reli-
able tools to reveal the overall variations in the metallicity and
ionization parameter. In addition, we found strong dependence
of the measured slopes on the He surface brightness. At high Ho
surface brightness, the reddening of line ratios related to [S IIT]
converges to the predictions of the Fitzpatrick (1999) extinc-
tion curve, whereas the reddening of line ratios involving [OI1]
remain different from the predictions of this curve. This result
cannot be fully explained by the DIG contamination, implying
the different dust geometries inside H 11 regions might also play
arole.

Our results challenge the widely adopted assumption that
different emission lines should follow the same attenuation law
on all spatial scales, which is the basis for a large number of neb-
ular diagnostics including the BPT diagnostics and metallicity
calibrations. However, since the physical picture behind this phe-
nomenon is still unclear, currently we do not have a reliable and
well-tested way to make corrections to the observed emission
lines, and we will try to address this issue in future work. The key
to solving this issue is to perform similar analyses on large spec-
troscopic data sets with high spatial resolution and wide spec-
tral coverage. Upcoming surveys such as AMASE (Yan et al.
2020) and LVM (Kollmeier et al. 2017) will provide valuable
data for further investigations. Meanwhile, the PHANGS-MUSE
(Emsellem et al. 2022) data, despite covering a narrower spec-
tral range, could provide hints on the spatial distribution of dust.
In addition, PHANGS-MUSE covers a few low ionization lines
such as [01]26300, which could be used to compare with the

A125, page 21 of 28



A&A 670, A125 (2023)

attenuation measurements at MaNGA’s resolution. We will com-
pare the two data sets in a future paper.
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Appendix A: Linear regression with measurement
errors and intrinsic scatter

Fitting a straight line to a data set that has errors on both
dependent and independent variables have been a problem dis-
cussed by many authors with different solutions (e.g., Press et al.
1986; Tremaine et al. 2002; Kelly 2007; Hogg et al. 2010). Since
this process is of great significance for our analyses, we examine
the robustness of our adopted method through some ideal simu-
lations in this appendix.

For our situation, the problem can be described as follows.
There is a data set with two observed parameters, x and y
(i.e., logarithmic line ratios and logarithmic Balmer decrement),
which we believe to be linearly correlated according to the the-
ory. However, there are measurement errors for both parameters,
of which the variances are estimated to be 0')26 and 0'5, respec-
tively. Besides known observational uncertainties, there are also
intrinsic variations in y (caused by variations in some nebular
parameters) that have an unknown variance o-é. Meanwhile, the
intrinsic variations in x is negligible (since the Balmer line ratios
are roughly constants in HII regions). The goal is to find a lin-
ear model, y = mx + b that best represents the underlying true
relation.

The simple least squares method does not work because of
the extra uncertainty in x. A widely adopted solution is to con-
struct and numerically maximize a likelihood function of the
model parameters. Our discussion in this appendix will mainly
focus on methods based on likelihood functions. For a good
review of other methods, see e.g., Kelly (2007, 2012).

Once we have the proper likelihood function, we can numer-
ically maximize it and find the best-fit model. However, the
exact form of the likelihood function as well as the maximization
method varies in the literature. In the main paper, we followed
the method of Tremaine et al. (2002), whose logarithmic likeli-
hood function is given by

InFy = =0.5(y — mx — b)*/(m*0s + o + 05) = =0.5¢>.  (A.1)

One immediately notices that the above equation is mono-
tonically increasing with increasing 0'3. Thus, if it is directly
maximized, the solution always diverges with o-g — oo,
Tremaine et al. (2002)’s maximization method is to start by set-
ting 0'% = 0. After obtaining the first set of solution, (m, b), one
checks the corresponding y?/(N — 2), where N is the number of
data points. If x*/(N — 2) > 1, increase o} by a small amount
and recompute (1, b). This step is repeated until y*/(N —2) < 1.

There are, however, other potential forms of the likelihood
function. For example,

InF; =-0.5(y — mx — b)z/(mzoﬁ + 0'5 + 0'3)

—0.5In(m’c; + o, + 07) (A.2)
and
InF, = -0.5(y — mx — b)z/(mzo'i + 0'5 + 0'3)

—0.5In[(m’o + o + o) /(1 + m)]. (A.3)

Equation A.2 is equivalent to the logarithm of Equation 24 in
Kelly (2007)!°. Besides the y? term, F; includes an extra term
related to the total variance, which is not a constant as it involves

10" According to Kelly (2007), from the perspective of Bayesian statis-
tics, this likelihood function corresponds to the special case where the
prior for the intrinsic distribution of x is a uniform distribution.
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m and 0'(2). With the variance term, one can now directly maxi-
mize the likelihood function as it is no longer a monotonic func-
tion of 0'%. Equation A.3 is similar to Equation A.2, but it eval-
uates the variance perpendicular to the linear model rather than
along the y axis, thus introducing the 1 + m? term (this term
cancels out in the /\(2 term but not in the variance term, see e.g.,
Equation 32 of Hogg et al. 2010). Similar to Equation A.2, Equa-
tion A.3 can also be directly maximized.

To compare the above three likelihood methods, we set up
a test based on the observed data in MaNGA. First, we gen-
erated a subsample by choosing a random spaxel classified as
an SF region and selecting spaxels that lie within 0.05 dex to
this spaxel in the 3D line-ratio space. By the end of this step,
we obtained ~ 7000 spaxels that are close to each other in the
3D line-ratio space. Second, we randomly selected 200 spax-
els from this subsample. The logarithmic Balmer decrements of
these spaxels were used as the intrinsic values for the indepen-
dent variable, xy. Their measurement uncertainties provided by
DAP were also used to calculate o,. The final simulated val-
ues for x were obtained by using random variables drawn from
the normal distribution N(xo,02)!". The intrinsic values for the
dependent variable was given by yo = Miyue X0 + Dirue, Where miyye
was set to mfglgH],[OH] = 0.95 and by Was set to —0.5. We then
used the measurement uncertainties of log([O 1]/[O11]) to rep-
resent o, while setting the intrinsic scatter in y to oy = 0.015.
The final simulated values for y were drawn from the random
distribution yo + N(O, 0'5) + N(O, 0'(2)). We then used the afore-
mentioned three likelihood functions to derive m, b, and oy. The
second step was repeated 5,000 times and distributions of these
model parameters were compared.

Figure A.1 shows the comparisons between model param-
eters estimated by different likelihood functions. Our default
function, F, best reproduces the true parameters for m, b, and
0. Although it underestimated o by yielding 07 measured = O for
~ 30% of the data, this does not have any noticeable impact on
estimations of m and b. In comparison, F'| (F,) tends to underes-
timate (overestimate) m and overestimate (underestimate) b. In
addition, both F and F, overestimate o.

The above maximum-likelihood methods all require a good
understanding of the measurement uncertainty. To check the
impact of measurement uncertainties, we performed additional
tests where these uncertainties were incorrectly estimated but
were still fed into the likelihood functions. Table A.1 summa-
rizes the impact of the biased measurement uncertainties on the
derived median slopes. We found that when o, was overesti-
mated or o, was underestimated, the resulting median m had an
increase, making F overestimate my,.. On the other hand, when
o, was overestimated or o, was underestimated, the resulting
median m had a decrease, making Fy underestimate . Inter-
estingly, when both o, and o, were overestimated by the same
fractional amount, the median m remained roughly the same. For
example, in one of our tests where o, and o, were both overes-
timated by 25%, the median m returned by F only differed from
Miue by ~ 3%. In contrast, when both o, and o, were under-
estimated by 25%, the median m estimated by F| differed from
Mye BY ~ 20%. One can see that the fractional changes in the
median m given by F| and F, when the measurement uncer-
tainties are incorrectly estimated are actually smaller than those
given by Fy in some cases. Still, Fy is the only likelihood func-
tion that recovers my, when there is no bias in the measurement

" Although here we assumed the error distributions of the logarithmic
line ratios were Gaussian, assuming Gaussian errors for line fluxes lead
to the same conclusion.
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Fig. A.1. Distributions of slopes, intercepts, and intrinsic scatters estimated by different likelihood functions for the same simulated data set. In
each panel, the vertical dashed line indicates the true value of the corresponding parameter for the simulated data set. Clearly F best reproduces
the true parameters of the linear relation. It is also the default likelihood function we used in the main paper.
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Fig. A.2. Distributions of slopes, intercepts, and intrinsic scatters estimated by our default likelihood function F and Kelly (2007)’s likelihood
function F; for the same simulated data set. In each panel, the vertical dashed line indicates the true value of the corresponding parameter for the
simulated data set.

Table A.1. Median slopes given by different likelihood functions when measurement uncertainties are correctly or incorrectly estimated. (mgqye =
0.95)

O xestimated/ T x true O—y,estimated/o—y,true Median m (Fp) Medianm (F'1) Median m (F>)
1 1 0.94 +0.132 0.59 +0.08 1.51+£0.23
1.25 1 1.21+0.16 0.58 + 0.08 1.51+0.21
1 1.25 0.83 +£0.11 0.56 = 0.07 1.60 = 0.21
1.25 1.25 0.98 +0.13 0.53 +£0.07 1.68 +0.23
0.75 1 0.75 +0.10 0.59 + 0.08 1.49+0.22
1 0.75 097 +£0.14 0.60 = 0.09 1.54 £ 0.24
0.75 0.75 0.75£0.11 0.58 = 0.09 1.54 £0.25

Notes. * The value shown here (as well as in other similar places in the table) represents the standard deviation of the slope distribution rather than

the uncertainty of the median.

uncertainty. Overall F appears slightly more robust against any
bias in o, rather o, probably because o can be adjusted to
partly compensate the biased o,.

Apart from the above maximum-likelihood methods, there
is a Bayesian method based on Gaussian mixture models
introduced by Kelly (2007), which outperforms other meth-
ods according to Kelly (2007). Basically, Kelly (2007) approxi-
mates the intrinsic distribution of x, denoted as ¥, as Gaussians
and incorporate them into the likelihood function. The poste-
rior distributions of m, b, and ¥ can be jointly inferred from the
data.

We performed another test to see if our likelihood function
produced similar results to those given by Kelly (2007)’s esti-
mator. We set up a new simulated data set similar to the one
produced by Kelly (2007) by drawing the intrinsic values of x
from the probability distribution function (PDF)
(&) oc e (1 + 2771, (A4)
This PDF can be approximated by a Gaussian distribution,

N(u = —0.493, 0 = 1.12). The true slope and intercept are set to
Mye = 0.5 and by = 1, which gives the intrinsic distribution of
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y. The intrinsic scatter o7 is described by another Gaussian dis-
tribution, N(0, o} = 0.75%). Measurement uncertainties of x and
y are independently drawn from a scaled inverse-y? distribution
whose degrees of freedom v = 5 and scale parameters s, = 0.50
for x and s, = 0.50 for y. We drew 50 data points each trial
and performed a total of 5,000 trials to derived distributions of
slopes, intercepts, and intrinsic scatter using Fy as well as Kelly
(2007)’s estimator.

Similar to Kelly (2007)’s test, when applying his estima-
tor, we assumed the intrinsic distribution for x was known and
used the Gaussian distribution N(u = —0.493,02 = 1.1%) as an
approximation in Kelly (2007)’s Equation 16 to obtain the like-
lihood function

InFs=-0.5[z-"Vz-0]-05V], (A.5)
where z = (y,x), { = (Myuept + Dirue, ), and the covariance

TP+ O+ 0 My

. m .
matrix V = true » 5 | Following Kelly
Mirye 0" o+ 0o

(2007), we simply performed maximum-likelihood estimations
in this test rather than derived posteriors. Similar to | and F>,
this likelihood function can be directly maximized to estimate m
and b.

Figure A.2 shows the linear regression results we obtained
with F and F3. It is clear that both methods not only recover the
true value for each parameter equally well, but also yield similar
dispersions for the distributions of the parameters. We also tried
different values for the input parameters to simulate other data
sets as Kelly (2007) did, and still found the two methods gave
nearly identical distributions. In addition to the simulated data,
we applied Kelly (2007)’s Bayesian method to several observed
reddening relations in MaNGA, and again found results almost
identical to what we have obtained'?. We thereby concluded our
adopted method is equally good as the method recommended by
Kelly (2007) in terms of the output.

Finally, in the aforementioned tests the measurement errors
are not correlated, which apply to most of our results in the main
paper. In cases when x and y contain a common line ratio, one
needs to replace the variance with a covariance matrix in the
likelihood function. For example, for some of the slope mea-
surements in the main paper, both x and y have the log(Ha) term.
When measuring, for example, myq/my, we simply replaced the
variance term with m*c; + o, — 2mVar(log(Ha)] + o7, where
Var[log(Ha)] is the variance of log(Ha). However, since Ha
generally has much higher S/N compared to other lines, adding
Var[log(Ha)] has little impact on the overall results.

Appendix B: Results based on nonparametric
emission-line measurements

This work heavily relies on emission line measurements of the
observed spectra. The MaNGA data were analyzed by DAP,
which produced emission line measurements by using Gaussian
models as templates for emission lines and fit them simultane-
ously with the stellar continuum models (Westfall et al. 2019;
Belfiore et al. 2019). We note that there are other pipelines and
codes that use different fitting schemes and might produce sub-
tle differences for the emission line measurements (see e.g.,
Appendix of Belfiore et al. 2019). In addition, a single Gaus-
sian component might not be optimal for emission line fitting
in cases where multiple kinematic components are blended in

12 Here we used the PYTHON port of Kelly (2007)’s IDL package LIN-
MIX_ERR shared by: https://github.com/jmeyers314/linmix.
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observations. Belfiore et al. (2019) carefully assessed the qual-
ity of the emission line measurements of DAP, confirming the
S/N reported by DAP is an appropriate metric and the emission
lines are statistically well fitted by Gaussian models for S/N <
30. When S/N > 30, line profiles start to deviate from Gaussians,
but the reported Gaussian fluxes are still consistent with the non-
parametric fluxes obtained by direct summing. Therefore, sig-
nificant bias in flux measurements and uncertainty estimations
seem unlikely in our sample.

Regardless, we performed a test based on the nonparametric
emission line measurements provided by DAP. These emission
lines fluxes were obtained by first subtracting the best-fit stellar
continuum models from the spectra, and then subtracting a base-
line local to each emission line, and finally directly integrating
the residual fluxes with predefined passbands (Yan et al. 2006;
Westfall et al. 2019). The corresponding errors were estimated
via propagation of pixelwise errors but was not fully tested
or calibrated. Thus, Westfall et al. (2019) warned the usage of
these error measurements!3. In our test, we used the nonpara-
metric fluxes and measurement errors to replace the Gaussian
values and remeasure slopes for [N 1I]/[O 1], [S1]/[O 1], and
[O1]/[O11], and we summarized the results in Table B.1. Simi-
lar to what we did in the main paper, we applied an S/N cut of 3
for every emission line involved. This selection criterion left us
~ 8.1 x 10° spaxels, which are considerably fewer compared to
the Gaussian case (~ 2.4 x 10°). This is because the estimated
uncertainties for nonparametric fluxes are systematically higher
than those for Gaussian fluxes due to the significant noise con-
tribution from pixels far away from line centers. We included
all 3D bins with number of spaxels greater than 80 and ended
up with 1,589 bins. Slightly adjusting this bin-selection criterion
does not change the overall conclusion.

We notice myy, o &iven by nonparametric measurements
is considerably larger than that given by Gaussian measurements
(still it is significantly different from the values predicted by
the F99 curve). For comparison, in Table B.1 we also list the
results given by the Gaussian measurements using the same sam-
ple that was selected by the S/N cuts on nonparametric mea-
surements. These Gaussian results also show some differences
from those in the main paper, which could be due to the fact
that the sample here was not selected using the S/N cuts on
Gaussian measurements. While the nonparametric fluxes are in
good agreement with Gaussian fluxes, the nonparametric flux
uncertainties are overall higher. Recalling the test on measure-
ment uncertainties in Appendix A, we suspected the difference
is mainly driven by the systematically higher non-parametric
flux uncertainties. Indeed, once we replaced the nonparametric
uncertainties with the Gaussian uncertainties, but still using the
nonparametric fluxes, the resulting slopes were lowered. Since
the Gaussian uncertainties reported by MaNGA were well tested
and calibrated while the non-parametric uncertainties were not
(Westfall et al. 2019; Belfiore et al. 2019), we consider the Gaus-
sian results to be more trustworthy.

Finally, how the different emission-line fitting methods will
affect our results statistically is beyond the scope of the cur-
rent paper. Still we think it is important to fully test this point
in future works and apply our slope-measuring method to other
large astronomical data sets.

13" According to the code descriptions of DAP, there is poor agreement
between the reported nonparametric errors and those from a Monte
Carlo simulation.
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Table B.1. Median slopes measured from different data sets

Flux Uncertainty M\ o Mg fomm M onr o
Nonparametric Nonparametric 1.616 + 0.005 1.66 + 0.04 0.49 +0.03
Nonparametric Gaussian 1.417 +£0.005 1.468 +£0.007 0.430 = 0.005
Gaussian Gaussian 1.430 £ 0.004 1.677 =£0.006 0.458 +0.005

Appendix C: Results derived from high-resolution
observations on IC 342
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Fig. C.1. Slope distributions for different reddening relations in IC
342. For each distribution, we show the 68% confidence interval of
the median [CI(Mdn)] and the standard deviation (SD). Dashed lines
mark the medians of the distributions (red), values predicted by the F99
extinction curve (blue), and values predicted by the CCM89 extinction
curve (green). The median values found in the MaNGA main sample
are indicated by the dotted purple lines.

The main MaNGA sample has a typical spatial resolution of 1 —
2 kpc'4. However, MaNGA also observes the nearby galaxy IC
342 with a much higher resolution of ~ 32 pc, which is enough
to resolve many large H1I regions and separate them from the
surrounding DIG. If our speculation of a resolution-dependent
attenuation law is correct, we expect to measure reddening rela-
tions that are compatible with an average MW extinction curve
either described by F99 or CCM89, no matter the lines involved
are low ionization lines or not. Since there are considerably
fewer spaxels for IC 342 in MaNGA, we increased the sizes of
the 3D bins and adjusted them based on the S/N of lines. We
first selected data points with more than 30 detections on He,

14" One might wonder whether the variation in the physical scales of the
spaxels might impact our results. The redshift distribution of our sample
is relatively narrow, with 68% of our sample spaxels lie in the range of
0.022-0.045, corresponding to physical scales ranging from 1.2 kpc
to 2.4 kpc. Meanwhile, the median standard deviation of the physical
scale in 3D bins is roughly 0.5 kpc. If we narrow the redshift range by
removing spaxels with z < 0.017 or z > 0.050, our conclusion still stays
the same.

HgB, [N 1], [S11], and [O111], and then removed non-H IT regions
using the 3D diagnostic diagram. This step results in a total of
56,425 spaxels. When measuring reddening relations involving
other lines, we applied extra cuts to remove data points with S/N
< 3 for these extra lines.

Figure C.1 shows the distributions of MNI1),[O11], M[SIII],[O111]
myorm, (o1, and mysiy,[on]» and Table C.1 summarizes their
median values and uncertainties. The numbers of available data
points for these measurements are 10,063, 50,545, 10,063, and
10,058, respectively. For reddening relations of [NII]/[O11],
[O1]/[O 1], and [S 11]/[O 11], we selected 3D bins with the num-
ber of spaxels greater than 25. While for the reddening rela-
tion of [SmI])/[OT1I], we selected 3D bins with the number of
spaxels greater than 100. The final number of 3D bins we used
for [Nm]/[O1], [Su1]/[Om1], [OmI]/[O11], and [SmI)/[O11] is
107, 155, 107, and 107, respectively. Clearly the S/N cut in
[O11] removes a large number of data points. If we remeasured
mfsm],[om] using a sample with S/N cuts in both [S11T] and [O11]
(which has 10,058 data points), the median value changes from
1.58 £ 0.07 to 1.80 + 0.13.

Despite having much wider distributions compared to the
MaNGA main sample, the median slopes derived from the afore-
mentioned line ratios seem to be more consistent with the pre-
dictions of the F99 extinction curve. Due to the limited num-
ber of spaxels in IC 342, we made larger 3D bins compared
to the MaNGA main sample, which inevitably increased the
uncertainties of our measurements. We made 20 bins along each
of the three axes of the 3D space, covering the whole volume
occupied by all the spaxels. This results in a bin size of ~
0.028x0.045%0.100 dex® when measuring mENII],[OII]’ m[om],[on]’

and m[snu,[ou]’ and a bin size of ~ 0.051 x 0.063 x 0.103 dex?

when measuring Mignn jomy- We tried remeasuring the slopes of
the MaNGA main sample using the bin size adopted for IC 342.
The resulting mENH]’[OH] is still significantly different from the
F99 value (in fact, the deviation becomes slightly larger with
these larger bins). Therefore, it seems the different bin sizes are
not the main reason for the different measurements we obtained.

In Figure C.2, we show how the three BPT line ratios change
with the Balmer decrement as well as the He surface brightness
in IC 342. Here we did no apply any S/N cut to the data. It is
clear that [N 1] and [S1I] are relatively strong compared to Ha
when the Balmer decrement or the Ha surface brightness is low
and the emission is dominated by the DIG. In comparison, [O III]
is also stronger when the Balmer decrement or the Ha surface
brightness is low, but the scatter in [O TT]/HB is large. One can
imagine that in low-resolution observations, differently atten-
uated regions with different line ratios are thus mixed, which
could lead to the differential attenuation as we discussed. Still,
IC 342 is only one example and we need more high-resolution
observations to quantify this effect.

Overall, limited by the large standard deviations of the slope
distributions, we cannot draw a strong conclusion for the attenu-
ation law in IC 342. Currently there are not enough data from
major IFU surveys to allow us to repeat the same statistical
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Table C.1. Median slopes for different reddening relations in IC342 and the MaNGA main sample

A&A 670, A125 (2023)

Line ratio Median slope (IC342) ogq (IC342) Median slope (main sample) F99 (Ry =3.1) CCMS89 (Ry =3.1)
[N1)/[O11] 1.95+0.12 1.21 1.525 + 0.002 1.84 2.09
[S m1)/[O 1] 1.58 +0.07 0.86 1.660 + 0.005 1.70 1.91
[O1a]/[O11] 0.93+0.13 1.32 0.451 + 0.005 0.95 1.21
[Sma]/[O 1] 2.86+0.11 1.02 2.127 +0.006 2.65 3.12
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Fig. C.2. Relations between forbidden line-to-Balmer line ratios and the Balmer decrement in IC 342. Data points are color-coded according to

the surface brightness of Ha line. No S/N cut was applied to the data.

analysis we performed on the MaNGA data. The Calar Alto
Legacy Integral Field Area survey (CALIFA, Sanchez et al.
2012), for example, includes more nearby galaxies with higher
spatial resolution compared to MaNGA, but its data volume is
much smaller and its wavelength range does not cover [SIII].
As another example, the Physics at High Angular resolution
in Nearby GalaxieS - Multi Unit Spectroscopic Explorer sur-
vey (PHANGS-MUSE, Emsellem et al. 2022) is able to provide
resolved observations of H I regions, but the sample size is even
more limited and its wavelength range does not cover [O11] and
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[Sm1]19531, the stronger line in the [S IIT] doublet. Regardless,
it would be interesting to check the attenuation of low ionization
lines including [N11], [S 1], and [O I] using these data at the cost
of larger statistical uncertainties, which we plan to investigate in
future work. Upcoming surveys such as SDSS-V/Local Volume
Mapper (LVM, Kollmeier et al. 2017) and the Affordable Multi-
Aperture Spectroscopy Explorer (AMASE, Yan et al. 2020) can
provide much stronger constraints on the multicomponent dust
attenuation on even smaller physical scales, which we also plan
to use in the future.
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