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Abstract

Luminous infrared (IR) galaxies are key sites of obscured stellar mass assembly at z > 0.5. Their star formation
rates (SFRs) are often estimated using the luminosities of the 6.2 and 11.2 ym polycyclic aromatic hydrocarbon
(PAH) features or those of the [Nell] and [Nelll] fine-structure lines, as they are minimally affected by
obscuration. It is uncertain whether the calibration of these features as SFR tracers depends on the starburst
bolometric luminosity or the level of active galactic nucleus (AGN) activity. We here investigate the relationship
between the luminosities of PAH and neon lines with SFR for highly luminous objects using radiative transfer
modeling and archival observations of 42 local ultraluminous (>10"%L.) IR galaxies (ULIRGs). We find that
PAH and [Ne II] features arise mainly in star-forming regions, with small contributions from the AGN or host, but
that the [Ne III] line has a mixed contribution from both star formation and AGN activity. We present relations
between Lpapy and Linem;, and both starburst luminosity and SFR. We find relations for lower-luminosity
(Lir =~ 1010—1012LO) systems underestimate the SFRs in local ULIRGs by up to ~1 dex. The 6.2 and 11.2 ym
PAH features, and the [Ne II] line, are thus good tracers of SFR in ULIRGs. We do not find that a more luminous
AGN affects the relationship between SFR and PAH or neon luminosity but that it can make PAH emission harder
to discern. Our results and derived relations are relevant to studies of star-forming and composite galaxies at z <3

with the James Webb Space Telescope.

Unified Astronomy Thesaurus concepts: Ultraluminous infrared galaxies (1735); Polycyclic aromatic
hydrocarbons (1280); Infrared galaxies (790); Star formation (1569)

1. Introduction

Ultraluminous infrared galaxies (ULIRGs) are galaxies with
infrared (IR; rest frame 1-1000 pm) luminosities above 1012L®.
They were first discovered in significant numbers by the
Infrared Astronomical Satellite (IRAS; B. T. Soifer et al. 1984;
J. R. Houck et al. 1985; B. T. Soifer & G. Neugebauer 1991).
The power source behind their IR emission is a combination of
starburst and active galactic nucleus (AGN) activity, most of
which is obscured (R. Genzel et al. 1998; D. Rigopoulou et al.
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1999; D. Farrah et al. 2003). ULIRGs are rare at z < 0.3, having
a surface density of less than one per 100 deg® but become more
common at high redshift, with several hundred per square
degree at z > 1 (M. Rowan-Robinson et al. 1997; H. Dole et al.
2001; C. Borys et al. 2003; E. Le Floc’h & The MIPS team
2005; A. M. J. Mortier et al. 2005; J. E. Austermann et al. 2010;
M. Vaccari et al. 2010; T. Goto et al. 2011). Thus, high-redshift
ULIRGs play an important role in stellar mass assembly.
Reviews of ULIRGs can be found in D. B. Sanders &
I. F. Mirabel (1996), C. J. Lonsdale et al. (2006), and
M. Pérez-Torres et al. (2021).

The obscuration in ULIRGs makes estimating star formation
rates (SFRs) and supermassive black hole accretion rates
challenging. Spectral features in the mid-IR (MIR) are thus of
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great value, as the lower opacity of interstellar dust at these
wavelengths means that the obscuration of these features is
lower compared to those at ultraviolet (UV) through near-IR
wavelengths. Two groups of MIR features are especially
important for estimating SFRs. First are the polycyclic
aromatic hydrocarbon (PAH) features at 3.3, 6.2, 7.7, 8.6,
11.2, and 12.5 pm (e.g., E. Peeters et al. 2004). These features
result from the stretching and bending modes of PAH
molecules, which are excited by UV and optical photons
(A. Leger & J. L. Puget 1984; L. J. Allamandola et al. 1985,
1989; A. G. G. M. Tielens 2005, 2008; A. Hernan-Caballero
et al. 2020). PAH emission is associated with star-forming
regions as PAH molecules are excited by the relatively hard
radiation from young stars (D. Rigopoulou et al. 1999;
V. Desai et al. 2007; A. Herndn-Caballero et al. 2020). The
7.7 and 8.6 um PAH features are more difficult to measure
against the 9.7 um silicate feature, which itself can be
prominent in IR luminous systems. Thus, the 6.2 and 11.2 um
PAH features are most suited for SFR estimation
(A. Hernan-Caballero et al. 2020), and there exist several
calibrations between the luminosities of these PAH features
and SFR (H. V. Shipley et al. 2016; A. Maragkoudakis et al.
2018; I. Cortzen et al. 2019; Y. Xie & L. C. Ho 2019;
S. Mordini et al. 2021). Second are the fine-structure lines of
[Nem 12.8 um (*Py;—’Psp;) and [Nemn] 155 pm
(®P; — P,). These two lines are bright and easy to measure.
The ionization potentials of [Nell] and [NeIlI] (21.56 and
40.96 eV, respectively) are such that they can arise in star-
forming regions, and, like PAHs, they are less sensitive (than
optical/UV lines) to dust extinction. Therefore, both these
lines have been proposed as SFR indicators (D. Farrah et al.
2007; L. C. Ho & E. Keto 2007; M.-Y. Zhuang et al. 2019;
Y. Xie & L. C. Ho 2019).

The PAH and neon SFR calibrations become increasingly
important with the advent of the James Webb Space Telescope
(JWST)/Mid-Infrared Instrument (MIRI), which has allowed
for sensitive observation of the ~5-28 um range to be
extended to high redshifts (z ~ 1.5 for [Ne IT], [Ne 1], 11.2 ym
PAH; z ~ 3 for 6.2 um PAH), where the space density of
ULIRGs is the highest. In this regime, extracting accurate
bolometric starburst, host, and AGN luminosities via spectral
energy distribution (SED) fitting becomes difficult due to
source faintness and the difficulty in obtaining well-sampled
SEDs. As such, having an accurate, locally derived relation
between MIR features and the physical properties within these
galaxies is essential.

While several relations have been derived for lower-
luminosity (Lig < 1012L®) galaxies (A. Maragkoudakis et al.
2018; I. Cortzen et al. 2019; Y. Xie & L. C. Ho 2019), few
calibrations have been developed between MIR features and
SFRs in ULIRGs specifically (D. Farrah et al. 2007). It is thus
unclear whether the calibration between the PAH or neon line
luminosities and SFR is universal or if it depends on factors
such as starburst luminosity or the level of AGN activity.
There is, however, some evidence that these calibrations may
not be universal. Studies have noted that PAH emission may
be weaker in high-luminosity (V. Desai et al. 2007;
A. Hernan-Caballero et al. 2020; J. Rich et al. 2023) or low-
metallicity (Y. Xie & L. C. Ho 2019) systems and that the
AGN could either produce or suppress PAH emission (J. Rich
et al. 2023). It also remains unclear whether PAH emission
arises predominantly in star-forming regions or if significant
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emission can also arise in the host galaxy interstellar medium
(ISM; L. Zhang & L. C. Ho 2023). Similarly, the narrow-line
region of AGN can produce [NeII] and [Ne III], leading to a
debate over the level of AGN contribution to these lines
(L. Zhang & L. C. Ho 2023).

Further potential uncertainty is introduced with the method
used to map luminosities of spectral features to physical
conditions in the galaxy, for example, energy balance
approaches, e.g., MAGPHYS (E. Da Cunha et al. 2008), in
which star formation histories are derived by balancing the
energy absorbed by dust in the rest-frame UV with that
reradiated in the IR. These have the advantage of speed but
lack the details of radiative transfer. In contrast, a radiative
transfer—-based approach, such as CYGNUS (A. Efstathiou
et al. 2022; C. Varnava & A. Efstathiou 2024) or
CLOUDY (G. J. Ferland et al. 2017), models physical
conditions in a system. This method is more physical but is
rarely used due to computational cost.

This paper explores the relationship between PAH and
[Nell] and [Nelll] emission features and SFR, AGN
luminosity, and other characteristics of ULIRGs. We combine
archival observations of these MIR emission features with the
results of a radiative transfer modeling study (A. Efstathiou
et al. 2022), which has separated the IR luminosities of
ULIRGs into starburst, host, and AGN luminosities. We
develop scaling relationships between component IR Iumin-
osities and observed PAH and neon line luminosities in local
ULIRGs. We review sample selection and methods in
Section 2. In Section 3, we present and analyze our derived
relations, as well as compare with previous works. Finally, we
highlight conclusions in Section 4. Throughout, we assume
H,= 70km s ™! Mpcfl, Q=1, and Q) =0.7. We further
assume L., = 3.827 - 10%°W.

2. Methods
2.1. Sample Selection

Our sample includes the 42 ULIRGs observed by the
Herschel ULIRG Reference Survey (D. Farrah et al. 2013;
H. W. W. Spoon et al. 2013; C. Pearson et al. 2016;
D. L. Clements et al. 2018). The selection is detailed in
A. Efstathiou et al. (2022), and we briefly summarize it here.
Originally selected from the IRAS Faint Source Catalog
(C. A. Beichman et al. 1988), the sample includes all known
ULIRGs with z < 0.3 and an IRAS 60 ym flux density greater
than ~2 Jy. This sample is thus an almost unbiased subset of
the low-redshift ULIRG population.

Measurements of the luminosities and equivalent widths of
the PAH features at 6.2 and 11.2 ym were obtained using the
Infrared Spectrograph (J. R. Houck et al. 2004) on the Spitzer
Space Telescope (M. W. Werner et al. 2004). Observations
were taken as part of the guaranteed time observations
program (V. Desai et al. 2007). We eschewed the 7.7 and
8.6 um features as the former can be challenging (more so than
the 11.2 pum feature) to measure in the presence of silicate
absorption at 9.7 um and the latter is faint (J. Bernard-Salas
et al. 2009). The 6.2 and 11.2 ym PAH features were obtained
by integrating the flux above a spline interpolated continuum
(H. W. W. Spoon et al. 2022). Out of 42 sources, 40 had
luminosities for both the 6.2 and 11.2 um PAH features, and
one (IRAS 13536+1836) had data only for the 11.2 ym PAH
luminosity. All 42 sources had data for both the [NeII] and



THE ASTROPHYSICAL JOURNAL, 999:25 (14pp), 2026 March 1

[Nemi] lines. The PAH and neon line luminosities are
presented in Table Al.

2.2. Physical Properties

We obtain physical properties of our sample from
A. Efstathiou et al. (2022). This study performed SED fitting
to the archival UV through millimeter-wavelength data for our
sample, using radiative transfer models for the starburst, the
AGN, and the host galaxy. We adopt their results based on the
CYGNUS AGN models as they provide the best overall fit to
the SEDs. Thus, unlike previous works, we compare line
luminosities to starburst, AGN, and host luminosities and other
physical parameters, as follows (see also Tables 2 and 3 of
A. Efstathiou et al. 2022):

1. Lpy, L1y total observed and anisotropy-corrected IR

luminosity.

2. Lgp: IR luminosity of the starburst.

3. Lign, Lign (Le): observed and anisotropy-corrected IR
luminosity of the AGN. The anisotropy correction arises
from the axisymmetric structure of the AGN obscurer
(A. Efstathiou et al. 2022).

. Lyos: IR luminosity of the host galaxy.

. My, (M@yrfl): starburst SFR. The starburst SFR is
averaged over the age of the starburst and does not
include the host galaxy SFR.

6. SB,g.: starburst age.

[ AN

2.3. Analysis

As a nonparametric test for correlations between MIR line
properties and physical properties of our sample, we adopt the
Kendall 7 correlation coefficient. The correlation coefficient 7
ranges from —1 to 1, where

—1 strong anti-correlation

T=140 no correlation . (1)
1 strong correlation

The p-value is the fractional probability that the null
hypothesis of no correlation cannot be rejected. We adopt
p <0.05 as evidence for a correlation.

While the Kendall 7 tests tell us the likelihood of a
correlation between MIR line properties and physical char-
acteristics in our ULIRGs, they do not provide a conversion
between these properties. As a parametric model, given that
our sample is relatively small, we adopt a log-linear model:

[:Observable = Q- L:Component + Bs (2)

where £ =log(L) (L in units of Ls), Lcomponent 1S the
component luminosity (starburst, host, or AGN), and
Lobservable 1S the MIR-feature luminosity. Similarly, we define
Mg, = log(Msp)and W = log(EW). The calibrations were
derived via fitting using the Orthogonal Distance Regression
(P. T. Boggs & J. E. Rogers 1990) algorithm.*

3. Results and Discussion

We first consider the results from the Kendall 7 tests
between the luminosities of the PAH and neon lines and the
component luminosities derived from the SED fits

22 As implemented within the SciPy ODRPACK version 2.01.
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(Section 2.2). There is evidence for correlations between the
luminosities of the emission features and at least one of
starburst and host luminosity, but there is no evidence for any
correlations with AGN luminosity (Tables A2 and A3).*

This suggests an origin for these lines in star-forming
regions and/or the quiescent ISM. To explore these connec-
tions further, we construct log-linear relations (Equation (2))
between the feature luminosities and these component
luminosities. A summary of all relations can be found in
Table A4.

3.1. PAHs as Tracers of Star Formation

Based on the correlations between starburst luminosity and
both 6.2 and 11.2 pym PAH luminosities, we construct log-
linear relations between these quantities:

Le2 = (1.09 £ 0.16) Lsp, — (3.88 £ 1.92) 3)
Li12=(0.87 £ 0.14) Lgp, — (1.38 £+ 1.64) “)

(Figure 1). The slope of the 6.2 pm relation is consistent with

unity. A sub-unity slope is favored in the 11.2 um relation
(though only at 1o significance). Three factors could give a
sub-unity slope. First, a more luminous starburst may be less
efficient at producing PAH emission. Second, there may be
greater dust dilution that suppresses PAH heating. Third,
another factor may correlate with Lg, and act to destroy PAHs
or quench PAH emission. We discuss this possibility in
Section 3.6.

We next examine if our relations depend on any of the
physical properties of the starburst (Table 2 from A. Efstathiou
et al. 2022) and the observed optical depth of the 9.7 um
silicate feature. To do so, we divide our sample into two
subgroups with parameter values above/below the median
and rederive the relations. We only find evidence for a
dependence in the relations with starburst age. The PAH
relations for the subgroups of young (SBje. < 30 Myr) and old
(SBage = 30-35 Myr) starbursts are

L5 = (1.66 + 0.22) Lsp — (11.02 £ 2.64), 5)
L3 = (0.51 & 0.09) Lsp + (3.16 £ 1.05); (6)
L3098 = (1.19 £ 0.17) Lgp — (5.31 + 2.12), (7
L9 = (0.67 £+ 0.19) Ly, + (1.01 £ 2.30). 8)

(Figure 2). The shallower slopes of these relations for older
starbursts are reasonable, as Figure 3 in A. Efstathiou et al.
(2000) shows that the PAH features become less intense with
increasing age. These relations should, however, be used
cautiously, as they are based on fits to only 20 objects. The
slopes are, however, robust to varying the subgroups by up to
five objects either way around the median.

Finally, since starburst luminosity does not linearly translate
to SFR in the A. Efstathiou et al. (2000) model, we derive
scaling relations between PAH luminosity and SFR:

Lo = (0.95 + 0.12) Mg, + (6.81 + 0.31) )

2B To verify that the correlations are not a result of working in luminosity
space, we here and in all subsequent cases also perform correlation tests in flux
space. We find that the correlations did not weaken as a result of performing
the test in flux space.
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L112 = (1.08 £+ 0.16) Mgy, + (6.32 + 0.42). (10)

As with starburst luminosity, we find that these SFR
relations depend on starburst age—following the same
procedure to divide the sample, we find

L9 = (1.40 £ 0.17) Msp, + (5.59 + 0.44), (1D
L3 = (0.67 + 0.13) Msp, + (7.56 + 0.35); (12)
L% = (1.45 £ 0.23) Mgy + (5.41 £ 0.58), (13)
LY = (1.08 £ 0.26) Mg, + (6.32 £ 0.71). (14)

For young and old starbursts, respectively. Again, older
starbursts show statistically shallower slopes. We find no
dependence on any other physical parameter from
A. Efstathiou et al. (2022).

3.2. Starburst and Host PAH Fits

Motivated by the possibility that PAH emission could also
arise in the quiescent ISM, heated by ambient starlight, we
explore multi-component log-linear fits of the PAH luminos-
ities against the starburst and host luminosities simultaneously.

This yields (see Figure Al):

Le2 =(0.87 £ 0.23) Lgp

+ (0.74 £ 0.20) Lyost — (9.26 £ 3.56) (15)

Li12 = (0.74 £ 0.29) g,

1 (1.09 + 0.40) Ly — (11.68 = 5.24).  (16)

These fits may suggest that the host galaxy contributes a
small fraction of the PAH emission, as the slopes for Ly are
positive and comparable to the slope of Lg,. However, on
average, Lgp, is ~17 times greater than Ly, Thus, the
starburst is likely to be the dominant source of PAH emission
in most cases.

To facilitate comparisons with works that compare PAH
luminosities to total IR luminosity but for systems without a
significant AGN, we derive scaling relations between PAH
luminosities and Lgy,, ost, yielding:

Lo = (1.19 £ 0.17) Lsp+Host —
Li12 = (099 £ 0.14) Lsprpost — (2.85 + 1.76). (18)

(522 £205), 17

3.3. Comparison to Previous PAH Relations

Several studies have derived relations to use PAHs as
starburst tracers in galaxies (e.g., A. Leger & J. L. Puget 1984;
D. Farrah et al. 2007; R. Yamada et al. 2013;
A. Maragkoudakis et al. 2018; I. Cortzen et al. 2019;
A. Hernan-Caballero et al. 2020). Here we compare our
relations to commonly used relations from other works whose
samples and methods resemble ours: H. V. Shipley et al.
(2016), A. Maragkoudakis et al. (2018), 1. Cortzen et al.
(2019), Y. Xie & L. C. Ho (2019), S. Mordini et al. (2021). By
comparing to works whose samples are primarily less
luminous systems, we aim to investigate the possibility of a
universal Lir—Lpay relationship. We first briefly summarize
the results of these studies. H. V. Shipley et al. (2016) present
relations between PAH luminosity and SFR, as derived from
the extinction-corrected Ha line luminosity, for a sample of
105 galaxies with total IR luminosities of 10°~10"2L.,. Their
relations are

= (0.96 £ 0.04) Ls» — (7.82 £ 0.09), (19)
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M = (1.06 + 0.03) L1, — (8.55 + 0.08). (20)

A. Maragkoudakis et al. (2018) present an SFR-to-PAH
luminosity relation based on 39 HII regions within two
galaxies (M33 and M83). Their SFRs are calibrated from the
Spitzer MIPS 24 pim emission:

Ler = (1.43) Mgy + (9.29), (1)
L1152 = (1.39) Mg, + (9.42). (22)

I. Cortzen et al. (2019) derive two relations between the
6.2 um PAH luminosity and total IR luminosity. First,

Los = (0.98 + 0.03)Lir — (1.89 & 0.30) (23)

for 31 star-forming galaxies (SFGs) at z<0.36, with
Lir ~ 10°-10"L., and four SFGs at z=1.016-1.523, with
Lig ~ 10867126 _“for a total of 35 SFGs. Second,

L6 = (0.81 £ 0.03) Lir — (0.04 £+ 0.29), 24)

which was derived from these SFGs plus five AGN
+composite galaxies, nine local ULIRGsS, and six high-redshift
submillimeter galaxies. Y. Xie & L. C. Ho (2019) use a sample
including 196 normal SFGs (Lig ~ 10°~10"'L.), 13 ULIRGs
(Lir ~ 1012—1012'9L@), and 17 blue compact dwarfs, for a total
of 226 galaxies at z < 0.3. Fitting against SFRs derived from
extinction-corrected Lyerryner, they find

M = (1.05 + 0.04) L — (7.84 £ 0.05), (25)
M = (1.01 £+ 0.04)Ly1> — (7.88 £ 0.04). (26)

S. Mordini et al. (2021) use a sample comprised of
7~ 0.027 SFGs and AGN, observed in the IR from a variety
of samples (see their Table 1). Measuring SFR from the total
IR luminosity, they find

M = (0.76 + 0.03) Ls, — (5.27 £ 0.04), 27
M = (0.73 £ 0.02) L5 — (5.00 + 0.03) (28)

for a sample of 142 SFGs and 56 and 77 AGN for 6.2 PAH
and 11.2 PAH, respectively.”*

We first compare our relations to I. Cortzen et al. (2019;
Figure 3). Comparing our Equation (17) to Equation (23): the
slopes and intercepts are consistent to ==20. Comparing our
Equation (17) to Equation (24): the slopes and intercepts are
consistent to +30. At Lgp+ Lo = 1.315 X 1012L®,
Equations (23) and (24) overestimate PAH luminosity in
ULIRGs by 0.8 and 0.6 dex, respectively. This is consistent
with previous works, which note that the ULIRGs have lower
Lpan/Lir ratios (I. Cortzen et al. 2019; A. Herndn-Caballero
et al. 2020). This suggests that a universal Ljg—L¢, relation
across several dex cannot be established. Comparing with the
relations from A. Maragkoudakis et al. (2018), we find the
slopes of our 6.2 um PAH relations are inconsistent, while
those of the 11.2 pum relations are within 30. The intercepts of
both relations are inconsistent.

The comparisons to H. V. Shipley et al. (2016), S. Mordini
et al. (2021), and Y. Xie & L. C. Ho (2019) require log-linear
relations between PAH luminosity and SFR. So, we rederive
our relations in this form, finding

M = (1.05 £+ 0.13) Ls, — (7.28 £ 5.50) (29)

24 While ULIRGs are originally excluded from the sample, S. Mordini et al.
(2021) states that the inclusion of ULIRGs would not drastically change the
slope of their relation.
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Figure 3. 6.2 ym PAH Luminosity versus Lg, + Lyos including models
developed by I. Cortzen et al. (2019; Equations (23) and (24), shaded to -10)
and our own model (Equation (17)). We note that I. Cortzen et al. (2019) plots
are against Lt,,. However, their sample contained very few AGN sources, so
Lgy, + Lo is the closest comparison.

M = (093 4+ 0.13) Ly, — (579 + 5.75) (30)

and compare to these three works in Figure 4. Compared to the
relations from H. V. Shipley et al. (2016), our slopes for 6.2
and 11.2 yum are consistent to +1o, 20, respectively. Our
relations imply that the relations in H. V. Shipley et al. (2016)
underestimate SFRs in ULIRGs by an average of 1.4 and 1.2
dex, for the 6.2 and 11.2 um features, respectively. We note,
though, that our SFRs are self-consistently calculated from the
starburst model, while the H. V. Shipley et al. (2016) SFRs are
calculated from He line fluxes. While the Ha-based SFRs are
extinction corrected, the heavy obscuration in ULIRGs means
that they may still underestimate the true SFR. Compared to
S. Mordini et al. (2021), the slopes of our 6.2 and 11.2 ym
relations are consistent to within ~30, ~ 20, respectively,
though the S. Mordini et al. (2021) relations underestimate the
SFRs of our sample by an average of 0.7 dex. Compared to
Y. Xie & L. C. Ho (2019), our 6.2 and 11.2 um slopes are
consistent to ~1¢, but their relations underestimate our
ULIRG SFRs by an average of 0.5 and 0.9 dex for the 6.2
and 11.2 um features, respectively. To check if these
differences arise from the differences in SFR calculation
method mentioned above, we convert our starburst luminosity
(Lsp) to a SFR following R. C. Kennicutt (1998) and rederive
our relations. We obtain

M = (092 £ 0.13)Lg» — (621 £ 5.76), 31)
M= (1.15 £ 0.18)L115 — (8.20 & 7.67). (32)

Equation (29) differs from H. V. Shipley et al. (2016),
S. Mordini et al. (2021), and Y. Xie & L. C. Ho (2019) on
average by 1.4, 0.7, and 0.5 dex, respectively. Equation (31)
differs from those works by an average of 1.2, 0.5, and 0.4 dex,
respectively.  Similarly, Equation (30) differs from
H. V. Shipley et al. (2016), S. Mordini et al. (2021), and
Y. Xie & L. C. Ho (2019) on average by 1.6, 1.0, and 1.3 dex,
respectively. Equation (32) differs from the same relations by
1.2, 0.6, and 0.9 dex, respectively. The majority of the
differences in the relations, therefore, must arise from origins
other than the SFR calculation method.



THE ASTROPHYSICAL JOURNAL, 999:25 (14pp), 2026 March 1

103 5

102
g -==- Xie & Ho+19
104 -~ Mordini+21
Shipley+16

Star Formation Rate (Mgyr™')

—— Our Model (Eq. 29)
— — Al SFR (Eq. 31)

10° 1010

6.2 yum PAH Luminosity (Lg)

Robinson et al.

. .
'w 107
>
[}
2
Q
2
<
&~ 1074
=
<)
=
< .
g =T ==+ Xie & Ho+19
s e Mordini+21
E 10"+ T Shipley+16
s --" —— Our Model (Eq. 30)
2] — — Al SFR (Eq. 32)

10°

11.2 ym PAH Luminosity (Le)

Figure 4. SFR versus both 6.2 (left) and 11.2 ym PAH luminosity (right). Models derived by H. V. Shipley et al. (2016; dotted line), Y. Xie & L. C. Ho (2019;
dashed line), and S. Mordini et al. (2021; dashed—dotted line) are plotted atop the data, along with our own models (Equations (29) and (30); black solid line). We
also include the model derived converting Lg;, to SFR (Equations (31) and (32); long-dashed line).

o [Nel . &
A [Nell] °
3 10° [Ne IT] Model (Eq. 33) *
—
N
>
=
72}
)
=
E
= ° %A ™) ) @
1 1084 @ . ;o
= e® &
1)
o} .
Z o X ° °
o
L]
1012

Starburst Luminosity (Lg)

o [Nell] R 8

A [Nell] . oA )
B 10° [Ne II] Model (Eq. 34)
S
>
=
172}
o)
=
. —
§ A
)J 108_
g
[P] ° e
Z ° A ° e

o
]
102 10°
SFR (Mpyr™)
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(Equations (33) and (34)) as solid lines.

We ascribe the remaining differences in the relations to the
generally higher luminosities of our sample compared to those
used to derive the literature relations (see also K. Murata et al.
2014). Broadly, there are two possible explanations for this.
The first is that high-luminosity starbursts are physically
different from lower-luminosity starbursts (or main-sequence
star formation). For example, the mode of star formation in
ULIRGs may be more compact than in less luminous SFGs
(J. Gracid-Carpio et al. 2011; T. Diaz-Santos et al. 2017). This
could then mean that the lower-luminosity starbursts have
higher PAH heating efficiencies or more PAHs per unit stellar
mass, as the more intense radiation field in the ULIRG
starbursts could destroy PAHs. It is also possible that higher
obscuration in ULIRG starbursts means that some fraction of
the PAH emission is extincted (K. Murata et al. 2014). If this
were the case, we would expect more extinction in the 6.2 ym
feature than in the 11.2 pm feature. A potential test of this is to
examine whether the 11.2 pm relations are closer to those in
the literature than the 6.2 pym relations. But differences in the
features’ origins (the 6.2 pum feature originates from C-C
stretching modes, while the 11.2 um feature originates in the
C-H out-of-plane bending modes; E. Peeters et al. 2004;

D. Rigopoulou et al. 2021) mean that the 6.2 um feature will
be much more prominent for ionized PAHs, while the converse
is true for the 11.2 pum feature. Thus, this is not a clean
comparison, so we only note this as a possibility. The second
possibility is suppression of observed PAH emission by AGN
activity, by processes such as the destruction of PAH
molecules or the generation of a strong MIR continuum that
drowns them out. We discuss this possibility in Section 3.6.

3.4. Neon Lines as Tracers of Star Formation

Using the same approaches as in Section 3.1, we investigate
relations between the neon line luminosities and the luminosity
of the starburst (Figure 5). For the [Nell] A12.81 ym line
luminosity, there is evidence for a correlation with Lg, from
the Kendall 7 tests. Fitting a log-linear relation yields

Lyen = (0.67 £ 0.09) Ls, + (0.56 £ 1.06). (33)
The equivalent relation with SFR is
Lyen = (0.92 £ 0.16) Mg, + (6.24 + 0.42). (34)

These relations are plotted atop the data in Figure 5. The
Lne i—Lsp relation has a sub-unity slope at ~30 significance
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though the Ly. —Msp, slope is consistent with unity at <lo.
We speculate that the closeness of the SFR slope to unity, in
particular, the possibility that it is closer to unity than the
equivalent PAH relation, may signify that the [NeII] line is a
better tracer of SFR than the brighter PAH features.

For completeness, we also derive the Lye i to Lgp and Ly
relation and the Lye i1 t0 LspHos: relation. We find

Lnen = (0.73 £ 0.09) Lsp i post — (0.16 £ 1.13), 35)

Lyen = (0.65 £ 0.18) Lgp

+(0.56 & 0.16) Lpos — (5.28 £2.57),  (36)

respectively.

Next, we search for dependence of the [Ne II] line relations
on the CYGNUS starburst properties, following the procedures
detailed in Section 3.1. Consistent with the analysis of the
PAH features, we find evidence of a dependence on starburst
age. Younger starbursts have significantly steeper slopes than
those derived for older starbursts. We find

ﬁyNoeuII}g — (110 4+ 014)£Sb — (468 + 166), (37)
L = (0.53 + 0.08) Lsp + (2.27 = 1.00) (38)

for young and old starbursts, respectively. For the SFR
relations, we find

L3 = (1.3 £ 0.26) Mg, + (5.25 £ 0.66), (39)
LA = (0.69 £+ 0.21) Mg, + (6.87 + 0.56) (40)

for young and old starbursts, respectively. It is plausible that
this result signposts a dependency on the SFR itself, since
younger starbursts usually have higher SFRs than older
starbursts. However, it is also possible that this signifies
increased efficiency of neon heating in younger starbursts. We
find no evidence of dependence on the other CYGNUS
starburst properties.

Turning to the [Nelll] line: the evidence for a correlation
between the [Nelll] line and starburst luminosity is weaker.
Examining the Kendall 7 results, we find no evidence for a
correlation with either starburst or host luminosity. Deriving
log-linear calibrations yields a nonzero slope, but the [Ne III]
luminosity in Figure 5 has substantial scatter around the [Ne II]
relation, rendering these equations of limited value. A lack of
correlation between [Nelll] and star formation contradicts
multiple studies that have found the [Nelll] line to have a
mixed contribution from both star formation and AGN activity
(e.g., V. Gorjian et al. 2007; K. A. Weaver et al. 2010;
L. Spinoglio et al. 2022; M. Stone et al. 2022). AGN activity
may interfere with our ability to detect a correlation between
[Ne111] and starburst luminosity.

To investigate the extent to which [NeIlI] is affected by
AGN activity, we conduct further analysis using the [Ne V]
lines at 14.32 and 24.32 um. These lines are AGN tracers
independent from SED modeling (e.g., V. Gorjian et al. 2007;
M. Meléndez et al. 2008). We divide the sample into two
groups: one, the “detection” group, includes sources with
detections of at least one of the two [Ne V] lines, and the other
includes objects with no detections of either [Ne V] line. The
sizes of these groups are 15 “detection” sources and 27
“nondetection” sources, respectively. Using these groups, we
repeat our analysis. We find evidence of correlations between
[NeII] luminosity and starburst luminosity for both groups,
with a stronger correlation in the nondetection group. This
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Figure 6. [Ne II] luminosity versus Lgy, including the model developed by
L. C. Ho & E. Keto (2007) and our own model (Equation (33)).

suggests that the [Nell] emission comes primarily from star
formation. For the nondetection group, we find a correlation
between [NeIlI] luminosity and starburst luminosity. How-
ever, we find no correlation between [Ne IITI] luminosity and
starburst luminosity for the detection group. We repeated this
analysis using the sum of the [Ne IT] and [Ne III] luminosities
but found a correlation with starburst luminosity only in the
nondetection group. Moreover, the [NelI] luminosity shows
strong positive correlations with both PAH luminosities, but
the correlations between [Nelll] luminosity and PAH
luminosities are much weaker” (Table A3). Furthermore, we
find a correlation between [Ne IlI] and AGN luminosity in our
detection group but not in the nondetection group.

We also examined if [Ne III] luminosity is dependent on any
CYGNUS starburst properties. In contrast to the results for
PAH and [Ne 1] luminosity, we found negative correlations
between [Ne III] luminosity and the starburst’s initial optical
depth and e-folding time. We note, however, that the initial
optical depth and e-folding time of starbursts are challenging
to constrain tightly via SED modeling.

From these analyses, we infer that [NelII] is mostly
produced in star-forming regions and can safely be used as
an SFR indicator. However, [Ne III] arises from a combination
of starburst and AGN ionization, which leads to its relatively
poor performance as a star formation tracer in composite
objects (see also H. W. W. Spoon & J. Holt 2009). The large
scatter in Figure 5 is the result of significant AGN contribution
to [Nelll] emission and possibly also variation in starburst
properties. Thus, [Nelll] should only be used as an SFR
indicator when there is little to no AGN presence, and even
then, with caution.

3.5. Comparison to Previous Neon Relations

Next, we compare our Lgy, relation (Equation (33)) to that of
L. C. Ho & E. Keto (2007). Their relation, derived for SFGs,

25 This appears to contrast with D. Farrah et al. (2007), who did not examine
the neon and PAH features separately and found a correlation between
(Lne 1t + Lne m) and (Lg 2 + Ly ). We speculate that this difference is because
we consider the neon and PAH lines individually. To investigate this, we fit
(Lne 11 + Lne m) to both starburst and host luminosities but find no evidence for
an improvement in the significance of the relations. However, rederiving their
Equation (5), we find consistency to within 3.
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between Ly and Lig is
Lnem = (1.01 & 0.05) Lr — (3.44 £ 0.56). 41)

We plot these relations atop our sample in Figure 6. Our
relation has a shallower slope and a more positive intercept.
However, unlike the PAH relations, our models predict more
similar Lne. This is likely because L. C. Ho & E. Keto (2007)
use a sample of SFGs with luminosities spanning
10=~10"*°L.., the tail of the bright end of which overlaps
with the luminosities of our sample (>>10"2L..). They also note
that the relation appears to steepen for less luminous systems
(Lir < 10™°Ly).

3.6. Effects of the AGN

Our Kendall 7 tests found no evidence for a correlation
between AGN luminosity and the luminosities of the PAH
features and neon lines. The possibility that AGN activity
affects these star formation tracers has, however, been raised
before, both observationally and theoretically (P. F. Roche
et al. 1991; J. J. Jensen et al. 2017; 1. Cortzen et al. 2019;
A. Hernan-Caballero et al. 2020; D. Rigopoulou et al. 2021).
So, we search for evidence that the AGN in our sample affect
the relationships between the PAH and neon lines, and the
starburst luminosities and SFRs. To begin, we perform two
basic tests.”® First, we split the sample into two at bax — 02

and rederive the relations (Equations (3) and (4)); we gﬂld them
to be statistically indistinguishable. This does not argue against
AGN quenching of star formation but does suggest that AGN
do not substantially affect how starburst regions heat PAHs.
Second, we perform the same test using the relations with
[Ne1r] in Equations (33) and (34) and find no dependence.
This suggests that AGN activity does not significantly impact
[NelI] as an SFR tracer (M. Stone et al. 2022).

To perform a more nuanced test, we develop multivariable
relations between PAH luminosity and component luminos-
ities. Starting with the 6.2 ym PAH luminosity, we find the
following relation using the observed AGN luminosity:

Lo2=(1.05 £ 0.17) Lsp
— (048 £ 0.11) LN + (2.03 + 1.74) (42)

and

Loz =(0.85 & 0.13) Ly
—(0.30 + 0.07) Logx + (251 + 1.43) (43)

using the anisotropy-corrected AGN luminosity. The equiva-
lent relations using the PAH 11.2 ym luminosity are
Li12=(1.33 £ 0.27) Lsp
— (074 £ 021) L%gn + (1.52 £ 2.47), 44)

L2 = (1.05 £+ 0.20)Lsp
— (050 £ 0.14) Logn + (230 £2.17).  (45)

For the [Ne II] line, the equivalent relations for the observed
and anisotropy-correlated AGN luminosities are

Len = (1.16 + 0.20) Lgp
— (042 + 0.14) L6x — (047 + 1.89),  (46)

26 We do not examine the correlation between the AGN luminosity and the
Lpan/Lir ratio, as a relatively more luminous AGN will cause this ratio to
drop without the AGN directly affecting the starbursts.
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Lyen = (0.97 £ 0.16) Lsp
— (041 £0.11)Loqn + (1.87 £ 1.76)  (47)

respectively.?’ In all cases, we see weak but significant (30—

40) negative slopes for the AGN component. For the PAH
relations, the slopes become less steep when the anisotropy-
corrected AGN luminosity is used though the significance of
the slope being negative in general does not change much. This
can be plausibly interpreted as negative AGN feedback, in
which a more luminous AGN acts to suppress star formation
but does not significantly affect how starburst regions produce
PAH and neon line emission. We cannot, however, exclude
other possibilities such as, e.g., AGN phase lagging the
starburst phase in time but having no effect on PAH emission;
this scenario could give rise to a negative Lagn slope in
Equations (46) and (47).

As a further test of AGN feedback, we examine how the
equivalent width (EW) of the PAH features depends on the
component luminosities. The Kendall 7 test shows strong
anticorrelations between the PAH EWs and AGN luminosity
but not with any other luminosity. This is consistent with the
AGN luminosity alone determining the relative brightness of
PAH features against the MIR continuum. We derive scaling
relations between the PAH EWs and the AGN Iuminosity,
finding

Wez = (—1.42 £ 0.15) L4gn + (15.51 £ 1.68), (48)

Wiz = (—1.95 £ 0.33) Ly + (21.91 £ 3.83) (49)
for observed AGN luminosity and

Wez = (—1.96 + 0.47) L9gn + (22.57 £ 5.66) (50)

for the anisotropy-corrected AGN luminosity.”® We do not find
any dependence of these relations with PAH EW on any
starburst, AGN, or host physical parameters, including
starburst age. A plausible interpretation is that a more
luminous AGN produces a brighter MIR continuum, thus
reducing the contrast of the PAH features (D. Lutz et al. 1998;
V. Desai et al. 2007; A. Alonso-Herrero et al. 2014;
J. J. Jensen et al. 2017). However, galaxies with greater
AGN luminosity may have lower starburst luminosities and
therefore, less PAH emissions (V. Desai et al. 2007). If this
were the case, we would also observe an anticorrelation
between L{gy and Lgy,, which we do not find. Our relations are
consistent with the AGN being more adept at drowning out the
6.2 ym PAH feature, consistent with the AGN SED peaking at
MIR wavelengths (see also, e.g., J. J. Jensen et al. 2017). EW
measurements for [Ne II] and [Ne IIT] have not been published,
so we do not present a similar analysis for them.

4. Conclusions

Before we begin, it is important to note that the PAH and
[Ne 11] relations above may not apply to objects with high IR
luminosities at higher redshift (1 <z <3). For instance,
“normal” mode, main-sequence galaxies at higher z exhibit
ULIRG-like luminosities (D. Elbaz et al. 2011; W. Rujopakarn

2 Analogous equations for [Ne I1I] showed slopes consistent with zero.

8 We found no correlation between Loy and 11.2 pum EW and thus do not
present a scaling relation between the two.



THE ASTROPHYSICAL JOURNAL, 999:25 (14pp), 2026 March 1

et al. 2011), but have stronger PAH emission features
compared to local ULIRGs (D. Elbaz et al. 2011). This is
because their star formation mode is distinct from that of local
ULIRGs (which are in starburst mode). Most IR luminous
SFGs at high redshift are thought to have an extended star-
forming region, as opposed to the centralized region in local
ULIRGSs (W. Rujopakarn et al. 2011, 2013; E. Bellocchi et al.
2022). As such, the degree to which our relations hold depends
on how the ISM phases, from which PAHs and neon lines
arise, are affected by the physical change in star-forming
regions with redshift. We suggest that future works examine
the efficacy of these relations on IR luminous high-redshift
sources.

We have presented scaling relations between 6.2 and
11.2 ym PAH features and the [Nell] fine-structure line
against SFR (Ms,) as well as component luminosities (Lgp,
Lose, LXé‘I‘\I) from the radiative transfer modeling study of
A. Efstathiou et al. (2022). These fits provide a direct empirical
calibration between Lg, and Lpay in the high-SFR regime
(502200 M, yr ).

For our sample of 42 ULIRGS, we find positive correlations
between PAH emissions and, individually, starburst, host, total
luminosity, and SFR. We explore the dependence of these
relationships on properties of the starburst, AGN, and silicate
depth and find a significant influence from only the starburst
age. We compare our results to those in other works
(H. V. Shipley et al. 2016; A. Maragkoudakis et al. 2018;
I. Cortzen et al. 2019; Y. Xie & L. C. Ho 2019; S. Mordini
et al. 2021) and find differences over the luminosity range
Lsp=3.5-10"-7.1-10"L., of 0.3-0.9 dex for I. Cortzen
et al. (2019), 3.4-4.1 dex for A. Maragkoudakis et al. (2018),
1.3-1.6 dex for H. V. Shipley et al. (2016), 0.4-1.2 dex for
S. Mordini et al. (2021), and 0.5-1.4 dex for Y. Xie &
L. C. Ho (2019). We employ methods from R. C. Kennicutt
(1998) to verify that the differences between our work and
others are not due to the variety of SFR calculation methods
used. Our newly derived SFR relation differs from
H. V. Shipley et al. (2016) by 1.1-1.3 dex, S. Mordini et al.
(2021) by 0.4-0.9 dex, and Y. Xie & L. C. Ho (2019) by
0.3-1 dex. We find negative correlations between PAH EW
and AGN luminosity. These scaling relations are unaffected by
the starburst age.

We find positive correlations between [NeII] and starburst
luminosity as well as SFR. As with the PAH features, there is a
significant influence on the relationships from the starburst
age. Our comparison with L. C. Ho & E. Keto (2007) shows
more agreement, with an average difference of 0.2 dex. The
correlation between [Ne III] and starburst luminosity is weaker.
We employ [Ne V] as a tracer of AGN activity to investigate
the AGN’s effects on [Nelll], suggesting that [Ne III]
originates from a combination of starburst and AGN
ionization.

Our conclusions are as follows:

1. Our results are consistent with PAH emission arising
primarily in star-forming regions. The host galaxy
contributes little to the observed PAH emission.

2. Differences in our relations and those in previous studies
(H. V. Shipley et al. 2016; A. Maragkoudakis et al. 2018;
I. Cortzen et al. 2019; Y. Xie & L. C. Ho 2019;
S. Mordini et al. 2021) can be explained by the
differences between the samples explored in each work
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(e.g., ULIRGS in our work and main-sequence SFGs in
I. Cortzen et al. 2019). These differences may reflect
intrinsic differences in the starburst modes in ULIRGs
and main-sequence star formation at higher redshifts,
suppression of PAH emissions due to AGN activity, or
drowning of the PAHs by the AGN continuum.

3. To account for these differences, and to avoid potentially
underestimating the SFR by factors of up to 13, one
should use the calibration in the proper luminosity range,
derived from a parent sample most similar to the object
in question.

4. Our results are consistent with AGN luminosity
“drowning out” PAH emission by producing a strong
continuum, especially affecting the 6.2 ym feature.

5. Our results suggest that the 6.2 and 11.2 yum PAH
features, and the [NelI] line, are better tracers of star
formation than [Ne III] in local ULIRGs.

6. We observe a positive correlation with starburst age for
both the PAH relations and [Ne II] relations. From our
tests on this sample, we cannot distinguish whether this
is due to a dependency on SFR or increased PAH/Ne
heating efficiency in younger starbursts.

These relations can be used to determine bolometric
component luminosities of galaxies with MIR spectroscopy.
This is especially relevant for studies of luminous starbursts at
redshifts of z < 3 with JWST. Improved spectral resolution and
sensitivity of the MIRI instrument allow for more accurate
determinations of PAH luminosities (A. Hernan-Caballero
et al. 2020) and more accurate component bolometric
luminosities.

Future work should focus on distinguishing the processes
behind the observed dependence on starburst age and further
investigating the possible quenching of neon emission by
the AGN.
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Appendix

Relevant characteristics of the sources analyzed in this study
are included in Table Al. In order to porperly analyze the
multivariable relations, we compare predicted PAH and neon
luminosities, versus true luminosity, in Figure A1l. We include
a summary of Kendall 7 tests (Tables A2 and A3), dervied
relation perameters (Tables A4 and AS), as well as the
parameter ranges of subsamples used to derive 'young' and
'old' relations above.
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Table Al
Table of PAH and Neon Luminosities, as well as PAH EW and Redshift for the Sample Used in This Study

Name (10L1T2(2 | (lggz | Ly» (1L()I\é2”) Lne mt 6.2 EW 11.2 EW Optical Class Redshift
00188-0856 227508 24792 16750931 5.34048 0.78*514 0.1+0:9943 0.37+5913 2.0 0.128
00397-1312 9.4+03% 1.3¢ + 01733 63754 24e 4+ 0171¢  1.5¢ + 01733 0.037733% 0.31°5% 1.0 0.262
010032238 165043 1.3401 0.9370%49 3.0593 125083 0.0554099%  0.04125%! 1.0 0.118
0315844227 415913 2.37037 163043 72807 127938 0.159%% 0.5210038 3.0 0.134
0352140028 247098 2.5504¢ 1.9+0:082 46192 21503 0.357901 0.73+9:93% 2.0 0.152
05189-2524 1410999 09279043 0.8679934 237933 2,093 0.043799005  0.061°33914 3.0 0.043
06035-7102 L6704 231013 1.47093% 289038 0715314 01179991 02540007 1.0 0.079
06206-6315 157505 16501 1159538 375037 1650973 0.21535078 0.41+9912 3.0 0.092
0759846508 427918 2,092 1.259%8 6.17938 3.8°978 0.011+5:9907 0.01533%%8 4.0 0.148
08311-2459 297094 43403 5.7+04 2.9%18 1.5¢ + 017074 0.14*9:006 0.2+0.9082 4.0 0.1
08572+3915 1550973 0.17439 0.055799 157013 0.4270%81 0.0031539 0.0034109 3.0 0.058
09022-3615 1743933 2.8°013 2,090 1.3¢ + 0113 8.9705 0.15159938 0.29t8}83§§ 1.0 0.06
1037841109 1743941 124944 0.78t8,813 45708 0.77+92 0.153%%7 0.36:0017 2.0 0.136
10565+2448 11703, 2370989 1.7+9.938 73873 0.867986 0.6479918 0.61*9013 1.0 0.043
11095-0238 1575033 115312 0.82+5:936 4.61037 1.4t8,8§3 0.054+3:9%3 0.45+0943 2.0 0.107
12071-0444 221008 274018 1240973 591031 587013 0.12+3:0041 00765992 3.0 0.128
13120-5453 1.879914 2.5+0973 1.579.984 851083 10591 0.53+0.0031 0.5679.993 3.0 0.031
1345141232 197949 0.23%91 0.36°008 51508 52103 0.01173993% 001479913 3.0 0.122
14348-1447 2.079022 227512 1550047 48798 115312 0.2575:9933 0.8210931 2.0 0.083
14378-3651 1159912 157951 0.93+092 33793 0.35700%3 0.44 13014 0.53+9912 3.0 0.068
15250-+3609 1140933 0.6755:087 0.679:038 195018 0.5150031 0.04450:0021 0.559018 1.0 0.055
15462-0450 135543 15591 1050942 49704 0.915047 0079500041 0.088¥0:0012 4.0 0.1
16090-0139 3.0109% 29402 2.3t8_1‘2 9.67042 251041 0.093793%3 0.5259918 2.0 0.134
17208-0014 2210027 2570962 1610932 46708 0.91791 0.4679:0033 1243927 1.0 0.043
19254-7245 131044 157043 1.3799%7 0.357473 327931 0.074709%33  0.15+0001 3.0 0.062
19297-0406 2570083 314017 2.010043 8.4700% 121012 0.44710011 0.85+0016 1.0 0.086
20087-0308 2.7+09%4 3.8t8,}§ 2210038 315048 1.2t8_ }% 0.35+051 0.86t8_8§ 2.0 0.106
20100-4156  3.2709% 34403 26501 8.4+l 32407 0.14+00027 0.9174%! 1.0 0.13
20414-1651 1.50031 1.5709% 0.8670:033 341043 0.77+0041 0.57:5917 0.8613916 1.0 0.087
20551-4250 1.07591 1.075:081 0.71+3:5%9 154012 0311093 0.1110:5022 0.3375:95%8 1.0 0.043
22491-1808 1.2+002) 135004 L1998 2.15031 0.7210072 0.4+0:0004 0.8979024 1.0 0.078
23128-5919 0.7473918 1.4+0:036 115 82; 3.350%4 2.570%3 0.3650:008 0.375:99681 1.0 0.045
23230-6926 1445093 267513 1759037 56708 155003 0.31+0.9%4 0.78+59%3 2.0 0.107
23253-5415 2.0+ ??7 1.4+0:5¢7 1.3, g::; 6.37934 221032 0.29+0:0083 0.48+0:013 2.0 0.13
2336543604 1440034 1519903 117998 22102 0.19%993¢ 0.4+0914 0.48+0018 2.0 0.064
0932046134 1.0709% 1.679993 1.070.034 32903 .3t84} ; 02500068 05170913 2.0 0.039
1254045708 3.5793 145013 1.243% 11593 0.33+098 0.02173:99%  0.0357339%8 4.0 0.042
1342845608 1375 1.375978 0.68+0:917 34703 27402 0.19+0:308 0.36793%21 3.0 0.037
13536+1836  0.76703%3 0.079799 0.3870:07 145048 6.1508! 0.0024759 0.02279:3933 3.0 0.049
1532742340 1150955, 0.48+3012 0.33+0:013 135043 0.16+931¢ 0.27+3:0%3! 0.7279913 3.0 0.018
1650440228  0.68+092 1379047 1370938 6.179%! 221022 0.38+5:9933 0.7279911 2.0 0.024
0157240009  3.45004s 3.0t3_§§ 325917 1.3e + 0153 19¢ + 017}  0.064793035  0.067-5%17 4.0 0.163

Note. For more information on this sample, see Tables 1 and 4 in A. Efstathiou et al. (2022). Three objects, IRAS 23128-5919, IRAS 1353641836, and IRAS 16504

+0228, were identified as ULIRGs under an Einstein—DeSitter cosmological model with Hy = 50 km s~' Mpc ™'

objects total luminosity falls below the 10'?L,, boundary, but we keep them in our sample for completeness.

11
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Summary of 7 and P-values for Kendall-r Correlation Tests between 6.2 andTlalt.’;eu?nzLuminosities (L2, L11.2; left) and 6.2 and 11.2 pm EW (right) against Other
Variables

L6.2 Lll‘2
Lsy, 0.62,1.7-1078 0.59, 6.17 - 107%
M, 0.65,2.8 - 1077 0.61,1.95- 1078
Litost 0.13, 0.24 0.19, 0.09
L3y 0.44, 6.76 - 107° 0.48, 1.07 - 107°
Licn —0.03, 0.80 0.01, 0.90
Lion —0.14, 0.19 —0.04, 0.70
Tuv -0.32,33-107° —0.22, 0.04
Lyen 0.42,1.6-107* 0.44,5.26 - 1073
Lne m 0.31,5.6-107° 0.25, 0.02

6.2 um EW 11.2 yum EW

Lion —0.54, 8.80 - 1077 —0.36, 1.04 - 107
Lion —0.35,1.5-107° —0.12, 0.25
Tsb —0.39,3.6 - 107* —0.38,4.58 - 1074
SBage 0.46, 2.60 - 107° 0.41, 1.40 - 107*
SB,, 0.40,3.0 - 107* 0.49,7.03 - 107¢
SiDep NA 035,137 -107°
Bine NA 0.36, 8.85 - 107*

Note. Cells are of the form (7, p).
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Table A3
Summary of 7 and P-values for Kendall-7 Correlation Tests between [Ne II]
(12.8 pm) and [Ne 1] (15 pm) Luminosities (Lne m, Lne m) and Other

Variables
Lne u Lne mt Lne u + Lne m

Le» 042,16 - 1074 0.31,5.6-1073 0.47,2.0-107°
Lo 0.44,5.26 - 107° 0.25, 0.02 0.40,1.7 - 107*
Lsy 0.38,3.9-107* 0.15,0.16 0.34,1.5-107°
LY, 037,59 -107* 0.24,2.6 - 1072 037,54 -107*
Ms;, 0.35,9.5-107* 0.12, 0.27 029,74 -107°
Lion 0.08, 0.48 0.20, 0.07 0.17, 0.12
Lion —0.02, 0.87 0.05, 0.66 0.02, 0.9
11.2 ym EW NA —0.21, 0.04 NA
Tsb NA 0.24,2.5-1072 NA
SiDep NA 025,18 -1072 NA
SB,, NA —0.33,23-107° NA
Note. Cells are of the form (7, p).

Table A4

Table of Scaling Relation Parameters « and 3, with Uncertainties, for Lg » and
Ly, and Ly against Other Variables

Le.> Lii» Lnen
Lgy 1.09 + 0.16, 0.87 £+ 0.14, 0.67 + 0.09,
—3.88 £1.92 —1.38 £ 1.64 0.56 £+ 1.06
Lsos tiont 1.19 +0.17, 0.99 + 0.14, 0.73 + 0.09,
—5.22 +£2.05 —2.85 £ 1.76 —0.16 £ 1.13
Ms, 0.95 £ 0.12, 1.08 + 0.16, 0.92 + 0.16,
6.81 £ 0.31 6.32 + 042 6.24 + 042
Lgy + Lyost 0.87 £ 0.23, 0.74 £+ 0.29, 0.65 + 0.18,
0.74 £ 0.20, 1.09 + 0.40, 0.56 £ 0.16,
—9.26 + 3.56 —11.68 + 5.24 —5.28 £ 2.57

Lnen 0.90 + 0.10, 0.88 + 0.088, NA

1.47 £ 0.90 1.45 + 0.77

Lsy + LigN 1.05 £ 0.17, 1.33 £ 0.27, 1.16 £ 0.20,
—0.48 £ 0.11, —0.74 £ 0.21, —0.42 £ 0.14,
2.03 £1.74 1.52 £ 247 —0.47 £ 1.89
Lsy, + Lign 0.85 £ 0.13, 1.05 + 0.20, 0.97 £+ 0.16,
—0.30 £+ 0.07, —0.50 + 0.14, —0.41 £ 0.11,
251 £ 143 2.30 + 2.17 1.87 £ 1.76

Note. Cells are of the form (o £+ o0,, 8 + 03, v £ 0,), corresponding to
'CObscrvablc = (a + Un) X EComponcm + (ﬁ + U;S) for single variable relations

and ‘CObscrvablc = (ato) X ['ComponcnlA + (ﬂ + 0’;’3) X LComponcmB +
(v = o) for multivariable relations.
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Table A5
Table of Scaling Relation Parameters « and 3, with Uncertainties for 6.2 um
EW, 11.2 ym EW against Other Variables

6.2 ym EW 11.2 ym EW
LN —1.42 £ 0.15, 1551 &£ 1.68  —1.95 £ 0.33, 21.91 £ 3.83
LigN —1.96 £+ 0.47, 22.57 &+ 5.66 NA

Lne mi(15 pum) NA —1.62 £+ 0.35, 12.93 + 2.93

Note. Cells are of the form (o + o,,, 8 £ 0p), corresponding to Wopservable =
(0‘ + Un) X £C0mp0nem + (ﬁ + O"J)~

Table A6
Table of Parameter Ranges When the Sample Is Divided into Two at the
Median Starburst Age

Low High
SBage (Myr) 52-31.8 31.8-34.9
Tsb (1.5-1.9) - 107 (1.9-3.5) - 107
SB,, 51.1-169.8 169.8-248.9
Mg, (M, yr™ Y 87.1-373.6 373.6-2192.0
Lsb/Lrot 0.38-0.76 0.76-0.94
ORCID iDs

Loren Robinson @ https: //orcid.org/0000-0003-0796-362X
Duncan Farrah © https: //orcid.org/0000-0003-1748-2010
Andreas Efstathiou © https: //orcid.org/0000-0002-2612-4840
Athena Engholm ©® https: //orcid.org/0000-0001-6970-7782
Evanthia Hatziminaoglou ® https: //orcid.org/0000-0003-
0917-9636

Maya Joyce @ https: //orcid.org/0000-0002-2877-0002
Vianney Lebouteiller © https: /orcid.org/0000-0002-7716-6223
Sara Petty © https: //orcid.org/0000-0003-0624-3276

L. Kate Pitchford @ https: //orcid.org/0000-0002-5206-5880
José Afonso @ https: //orcid.org/0000-0002-9149-2973

Dave L. Clements ® https: //orcid.org/0000-0002-9548-5033
Mark Lacy @ https: //orcid.org/0000-0002-3032-1783

Chris Pearson ® https: //orcid.org/0000-0001-6139-649X
Dimitra Rigopoulou ® https: //orcid.org/0000-0001-6854-7545
Lingyu Wang © https: //orcid.org/0000-0002-6736-9158

References

Allamandola, L. J., Tielens, A. G. G. M., & Barker, J. R. 1985, ApJL,
290, L25

Allamandola, L. J., Tielens, A. G. G. M., & Barker, J. R. 1989, ApJS, 71, 733

Alonso-Herrero, A., Ramos Almeida, C., Esquej, P., et al. 2014, MNRAS,
443, 2766

Austermann, J. E., Dunlop, J. S., Perera, T. A., et al. 2010, MNRAS, 401, 160


https://orcid.org/0000-0003-0796-362X
https://orcid.org/0000-0003-1748-2010
https://orcid.org/0000-0002-2612-4840
https://orcid.org/0000-0001-6970-7782
https://orcid.org/0000-0003-0917-9636
https://orcid.org/0000-0003-0917-9636
https://orcid.org/0000-0002-2877-0002
https://orcid.org/0000-0002-7716-6223
https://orcid.org/0000-0003-0624-3276
https://orcid.org/0000-0002-5206-5880
https://orcid.org/0000-0002-9149-2973
https://orcid.org/0000-0002-9548-5033
https://orcid.org/0000-0002-3032-1783
https://orcid.org/0000-0001-6139-649X
https://orcid.org/0000-0001-6854-7545
https://orcid.org/0000-0002-6736-9158
https://doi.org/10.1086/184435
https://ui.adsabs.harvard.edu/abs/1985ApJ...290L..25A/abstract
https://ui.adsabs.harvard.edu/abs/1985ApJ...290L..25A/abstract
https://doi.org/10.1086/191396
https://ui.adsabs.harvard.edu/abs/1989ApJS...71..733A/abstract
https://doi.org/10.1093/mnras/stu1293
https://ui.adsabs.harvard.edu/abs/2014MNRAS.443.2766A/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.443.2766A/abstract
https://doi.org/10.1111/j.1365-2966.2009.15620.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.401..160A/abstract

THE ASTROPHYSICAL JOURNAL, 999:25 (14pp), 2026 March 1

Beichman, C. A., Neugebauer, G., Habing, H. J., Clegg, P. E., & Chester, T. J.
1988, Infrared Astronomical Satellite (IRAS) Catalogs and Atlases.Volume
1: Explanatory Supplement. NAS 1.61:1190-VOL-1, NASA

Bellocchi, E., Pereira-Santaella, M., Colina, L., et al. 2022, A&A, 664, A60

Bernard-Salas, J., Spoon, H. W. W., Charmandaris, V., et al. 2009, ApJS,
184, 230

Boggs, P. T., & Rogers, J. E. 1990, Contemp. Math., 112, 183

Borys, C., Chapman, S., Halpern, M., & Scott, D. 2003, MNRAS, 344, 385

Clements, D. L., Pearson, C., Farrah, D., et al. 2018, MNRAS, 475, 2097

Cortzen, 1., Garrett, J., Magdis, G., et al. 2019, MNRAS, 482, 1618

Da Cunha, E., Charlot, S., & Elbaz, D. 2008, MNRAS, 388, 1595

Desai, V., Armus, L., Spoon, H. W. W_, et al. 2007, ApJ, 669, 8§10

Diaz-Santos, T., Armus, L., Charmandaris, V., et al. 2017, ApJ, 846, 32

Dole, H., Gispert, R., Lagache, G., et al. 2001, A&A, 372, 364

Efstathiou, A., Farrah, D., Afonso, J., et al. 2022, MNRAS, 512, 5183

Efstathiou, A., Rowan-Robinson, M., & Siebenmorgen, R. 2000, MNRAS,
313, 734

Elbaz, D., Dickinson, M., Hwang, H. S., et al. 2011, A&A, 533, A119

Farrah, D., Afonso, J., Efstathiou, A., et al. 2003, MNRAS, 343, 585

Farrah, D., Bernard-Salas, J., Spoon, H. W. W, et al. 2007, ApJ, 667, 149

Farrah, D., Lebouteiller, V., Spoon, H. W. W., et al. 2013, ApJ, 776, 38

Ferland, G. J., Chatzikos, M., Guzman, F., et al. 2017, RMxAA, 53, 385

Genzel, R., Lutz, D., Sturm, E., et al. 1998, AplJ, 498, 579

Gorjian, V., Cleary, K., Werner, M. W., & Lawrence, C. R. 2007, ApJL,
655, L73

Goto, T., Arnouts, S., Inami, H., et al. 2011, MNRAS, 410, 573

Gracia-Carpio, J., Sturm, E., Hailey-Dunsheath, S., et al. 2011, ApJL, 728, L7

Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Natur, 585, 357

Hernédn-Caballero, A., Spoon, H. W. W., Alonso-Herrero, A., et al. 2020,
MNRAS, 497, 4614

Ho, L. C., & Keto, E. 2007, ApJ, 658, 314

Houck, J. R, Roellig, T. L., van Cleve, J., et al. 2004, ApJS, 154, 18

Houck, J. R., Schneider, D. P., Danielson, G. E., et al. 1985, ApJL, 290, L5

Hunter, J. D. 2007, CSE, 9, 90

Jensen, J. J., Honig, S. F., Rakshit, S., et al. 2017, MNRAS, 470, 3071

Kennicutt, R. C. 1998, ARA&A, 36, 189

Le Floc’h, E. & The MIPS team 2005, arXiv:astro-ph/0506463

Leger, A., & Puget, J. L. 1984, A&A, 137, L5

Lonsdale, C. J., Farrah, D., & Smith, H. E. 2006, Ultraluminous Infrared
Galaxies (Springer), 285

Lutz, D., Spoon, H. W. W., Rigopoulou, D., Moorwood, A. F. M., &
Genzel, R. 1998, ApJL, 505, L103

Maragkoudakis, A., Ivkovich, N., Peeters, E., et al. 2018, MNRAS, 481, 5370

14

Robinson et al.

McKinney, W. 2010, in Proc. of the 9th Python in Science Conf., ed.
S. van der Walt & J. Millman, 56

Meléndez, M., Kraemer, S. B., Armentrout, B. K., et al. 2008, ApJ, 682, 94

Mordini, S., Spinoglio, L., & Ferndndez-Ontiveros, J. A. 2021, A&A,
653, A36

Mortier, A. M. J., Serjeant, S., Dunlop, J. S., et al. 2005, MNRAS, 363, 563

Murata, K., Matsuhara, H., Inami, H., et al. 2014, A&A, 566, A136

Pearson, C., Rigopoulou, D., Hurley, P., et al. 2016, ApJS, 227, 9

Peeters, E., Spoon, H. W. W., & Tielens, A. G. G. M. 2004, ApJ, 613, 986

Pérez-Torres, M., Mattila, S., Alonso-Herrero, A., Aalto, S., & Efstathiou, A.
2021, A&ARv, 29, 2

Rich, J., Aalto, S., Evans, A. S., et al. 2023, ApJL, 944, L50

Rigopoulou, D., Barale, M., Clary, D. C,, et al. 2021, MNRAS, 504, 5287

Rigopoulou, D., Spoon, H. W. W., Genzel, R., et al. 1999, AJ, 118, 2625

Roche, P. F., Aitken, D. K., Smith, C. H., & Ward, M. J. 1991, MNRAS, 248, 606

Rowan-Robinson, M., Mann, R. G., Oliver, S. J., et al. 1997, MNRAS,
289, 490

Rujopakarn, W., Rieke, G. H., Eisenstein, D. J., & Juneau, S. 2011, ApJ,
726, 93

Rujopakarn, W., Rieke, G. H., Weiner, B. J., et al. 2013, ApJ, 767, 73

Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749

Shipley, H. V., Papovich, C., Rieke, G. H., Brown, M. J. 1., & Moustakas, J.
2016, ApJ, 818, 60

Soifer, B. T., & Neugebauer, G. 1991, AJ, 101, 354

Soifer, B. T., Rowan-Robinson, M., Houck, J. R., et al. 1984, ApJL, 278, L71

Spinoglio, L., Ferndndez-Ontiveros, J. A., & Malkan, M. A. 2022, AplJ,
941, 46

Spoon, H. W. W., Farrah, D., Lebouteiller, V., et al. 2013, ApJ, 775, 127

Spoon, H. W. W, Herndn-Caballero, A., Rupke, D., et al. 2022, ApJS, 259, 37

Spoon, H. W. W., & Holt, J. 2009, ApJL, 702, L42

Stone, M., Pope, A., McKinney, J., et al. 2022, ApJ, 934, 27

Tielens, A. G. G. M. 2005, The Physics and Chemistry of the Interstellar
Medium (Cambridge Univ. Press)

Tielens, A. G. G. M. 2008, ARA&A, 46, 289

Vaccari, M., Marchetti, L., Franceschini, A., et al. 2010, A&A, 518, L20

Varnava, C., & Efstathiou, A. 2024, MNRAS, 531, 2304

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261

Weaver, K. A., Meléndez, M., Mushotzky, R. F., et al. 2010, ApJ, 716, 1151

Werner, M. W., Roellig, T. L., Low, F. J, et al. 2004, ApJS, 154, 1

Xie, Y., & Ho, L. C. 2019, ApJ, 884, 136

Yamada, R., Oyabu, S., Kaneda, H., et al. 2013, PASIJ, 65, 103

Zhang, L., & Ho, L. C. 2023, ApJ, 943, 60

Zhuang, M.-Y., Ho, L. C., & Shangguan, J. 2019, ApJ, 873, 103


https://doi.org/10.1051/0004-6361/202142802
https://ui.adsabs.harvard.edu/abs/2022A&A...664A..60B/abstract
https://doi.org/10.1088/0067-0049/184/2/230
https://ui.adsabs.harvard.edu/abs/2009ApJS..184..230B/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJS..184..230B/abstract
https://doi.org/10.1090/conm/112/1087109
https://doi.org/10.1046/j.1365-8711.2003.06818.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344..385B/abstract
https://doi.org/10.1093/mnras/stx3227
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.2097C/abstract
https://doi.org/10.1093/mnras/sty2777
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.1618C/abstract
https://doi.org/10.1111/j.1365-2966.2008.13535.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.388.1595D/abstract
https://doi.org/10.1086/522104
https://ui.adsabs.harvard.edu/abs/2007ApJ...669..810D/abstract
https://doi.org/10.3847/1538-4357/aa81d7
https://ui.adsabs.harvard.edu/abs/2017ApJ...846...32D/abstract
https://doi.org/10.1051/0004-6361:20010449
https://ui.adsabs.harvard.edu/abs/2001A&A...372..364D/abstract
https://doi.org/10.1093/mnras/stab3642
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.5183E/abstract
https://doi.org/10.1046/j.1365-8711.2000.03269.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.313..734E/abstract
https://ui.adsabs.harvard.edu/abs/2000MNRAS.313..734E/abstract
https://doi.org/10.1051/0004-6361/201117239
https://ui.adsabs.harvard.edu/abs/2011A&A...533A.119E/abstract
https://doi.org/10.1046/j.1365-8711.2003.06696.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.343..585F/abstract
https://doi.org/10.1086/520834
https://ui.adsabs.harvard.edu/abs/2007ApJ...667..149F/abstract
https://doi.org/10.1088/0004-637X/776/1/38
https://ui.adsabs.harvard.edu/abs/2013ApJ...776...38F/abstract
https://doi.org/10.48550/arXiv.1705.10877
https://ui.adsabs.harvard.edu/abs/2017RMxAA..53..385F/abstract
https://doi.org/10.1086/305576
https://ui.adsabs.harvard.edu/abs/1998ApJ...498..579G/abstract
https://doi.org/10.1086/511975
https://ui.adsabs.harvard.edu/abs/2007ApJ...655L..73G/abstract
https://ui.adsabs.harvard.edu/abs/2007ApJ...655L..73G/abstract
https://doi.org/10.1111/j.1365-2966.2010.17466.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410..573G/abstract
https://doi.org/10.1088/2041-8205/728/1/L7
https://ui.adsabs.harvard.edu/abs/2011ApJ...728L...7G/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.1093/mnras/staa2282
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.4614H/abstract
https://doi.org/10.1086/511260
https://ui.adsabs.harvard.edu/abs/2007ApJ...658..314H/abstract
https://doi.org/10.1086/423134
https://ui.adsabs.harvard.edu/abs/2004ApJS..154...18H/abstract
https://doi.org/10.1086/184431
https://ui.adsabs.harvard.edu/abs/1985ApJ...290L...5H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1093/mnras/stx1447
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470.3071J/abstract
https://doi.org/10.1146/annurev.astro.36.1.189
https://ui.adsabs.harvard.edu/abs/1998ARA&A..36..189K/abstract
http://arXiv.org/abs/astro-ph/0506463
https://ui.adsabs.harvard.edu/abs/1984A&A...137L...5L/abstract
https://ui.adsabs.harvard.edu/abs/2006asup.book..285L/abstract
https://doi.org/10.1086/311614
https://ui.adsabs.harvard.edu/abs/1998ApJ...505L.103L/abstract
https://doi.org/10.1093/mnras/sty2658
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.5370M/abstract
https://doi.org/10.1086/588807
https://ui.adsabs.harvard.edu/abs/2008ApJ...682...94M/abstract
https://doi.org/10.1051/0004-6361/202140696
https://ui.adsabs.harvard.edu/abs/2021A&A...653A..36M/abstract
https://ui.adsabs.harvard.edu/abs/2021A&A...653A..36M/abstract
https://doi.org/10.1111/j.1365-2966.2005.09460.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.363..563M/abstract
https://doi.org/10.1051/0004-6361/201423744
https://ui.adsabs.harvard.edu/abs/2014A&A...566A.136M/abstract
https://doi.org/10.3847/0067-0049/227/1/9
https://ui.adsabs.harvard.edu/abs/2016ApJS..227....9P/abstract
https://doi.org/10.1086/423237
https://ui.adsabs.harvard.edu/abs/2004ApJ...613..986P/abstract
https://doi.org/10.1007/s00159-020-00128-x
https://ui.adsabs.harvard.edu/abs/2021A&ARv..29....2P/abstract
https://doi.org/10.3847/2041-8213/acb2b8
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..50R/abstract
https://doi.org/10.1093/mnras/stab959
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.5287R/abstract
https://doi.org/10.1086/301146
https://ui.adsabs.harvard.edu/abs/1999AJ....118.2625R/abstract
https://doi.org/10.1093/mnras/248.4.606
https://ui.adsabs.harvard.edu/abs/1991MNRAS.248..606R/abstract
https://doi.org/10.1093/mnras/289.2.490
https://ui.adsabs.harvard.edu/abs/1997MNRAS.289..490R/abstract
https://ui.adsabs.harvard.edu/abs/1997MNRAS.289..490R/abstract
https://doi.org/10.1088/0004-637X/726/2/93
https://ui.adsabs.harvard.edu/abs/2011ApJ...726...93R/abstract
https://ui.adsabs.harvard.edu/abs/2011ApJ...726...93R/abstract
https://doi.org/10.1088/0004-637X/767/1/73
https://ui.adsabs.harvard.edu/abs/2013ApJ...767...73R/abstract
https://doi.org/10.1146/annurev.astro.34.1.749
https://ui.adsabs.harvard.edu/abs/1996ARA&A..34..749S/abstract
https://doi.org/10.3847/0004-637X/818/1/60
https://ui.adsabs.harvard.edu/abs/2016ApJ...818...60S/abstract
https://doi.org/10.1086/115691
https://ui.adsabs.harvard.edu/abs/1991AJ....101..354S/abstract
https://doi.org/10.1086/184226
https://ui.adsabs.harvard.edu/abs/1984ApJ...278L..71S/abstract
https://doi.org/10.3847/1538-4357/ac9da2
https://ui.adsabs.harvard.edu/abs/2022ApJ...941...46S/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...941...46S/abstract
https://doi.org/10.1088/0004-637X/775/2/127
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..127S/abstract
https://doi.org/10.3847/1538-4365/ac4989
https://ui.adsabs.harvard.edu/abs/2022ApJS..259...37S/abstract
https://doi.org/10.1088/0004-637X/702/1/L42
https://ui.adsabs.harvard.edu/abs/2009ApJ...702L..42S/abstract
https://doi.org/10.3847/1538-4357/ac778b
https://ui.adsabs.harvard.edu/abs/2022ApJ...934...27S/abstract
https://doi.org/10.1146/annurev.astro.46.060407.145211
https://ui.adsabs.harvard.edu/abs/2008ARA&A..46..289T/abstract
https://doi.org/10.1051/0004-6361/201014694
https://ui.adsabs.harvard.edu/abs/2010A&A...518L..20V/abstract
https://doi.org/10.1093/mnras/stae1141
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531.2304V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.1088/0004-637X/716/2/1151
https://ui.adsabs.harvard.edu/abs/2010ApJ...716.1151W/abstract
https://doi.org/10.1086/422992
https://ui.adsabs.harvard.edu/abs/2004ApJS..154....1W/abstract
https://doi.org/10.3847/1538-4357/ab4200
https://ui.adsabs.harvard.edu/abs/2019ApJ...884..136X/abstract
https://doi.org/10.1093/pasj/65.5.103
https://ui.adsabs.harvard.edu/abs/2013PASJ...65..103Y/abstract
https://doi.org/10.3847/1538-4357/acab60
https://ui.adsabs.harvard.edu/abs/2023ApJ...943...60Z/abstract
https://doi.org/10.3847/1538-4357/ab0650
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..103Z/abstract

	1. Introduction
	2. Methods
	2.1. Sample Selection
	2.2. Physical Properties
	2.3. Analysis

	3. Results and Discussion
	3.1. PAHs as Tracers of Star Formation
	3.2. Starburst and Host PAH Fits
	3.3. Comparison to Previous PAH Relations
	3.4. Neon Lines as Tracers of Star Formation
	3.5. Comparison to Previous Neon Relations
	3.6. Effects of the AGN

	4. Conclusions
	Appendix
	References



