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ABSTRACT

Context. Compact obscured nuclei (CONs) represent an extreme phase of galaxy evolution where rapid supermassive black hole
growth and/or compact star-forming activity is completely obscured by gas and dust.

Aims. We investigate the properties of CONs in the mid-infrared and explore techniques aimed at identifying these objects, such as
through the equivalent width (EW) ratios of their polycyclic aromatic hydrocarbon (PAH) features.

Methods. We modelled Spitzer spectra by decomposing the continua into nuclear and star-forming components, from which we then
measured the nuclear optical depth, 7y, of the 9.8 um silicate absorption feature. We also used Spizzer spectral maps to investigate
how PAH EW ratios vary with aperture size for objects that host CONs.

Results. We find that the nuclear optical depth, Ty, strongly correlates with the HCN-vib emission line in the millimetre for CONs,
with a Pearson correlation coefficient of 0.91. We find the PAH EW ratio technique to be effective at selecting CONs and robust
against highly inclined galaxies, where strong dust lanes may mimic a CON-like spectrum by producing a high 7. Our analysis of
the Spitzer spectral maps shows that the efficacy of the PAH EW ratios in isolating CONs is reduced when there is a strong star-
forming component from the host galaxy. In addition, we find that the use of the inferred nuclear optical depth is a reliable method
for identifying CONSs in 36f§% of ultra-luminous infrared galaxies and 17:’%% of luminous infrared galaxies, consistent with previous
work.

Conclusions. We confirm mid-infrared spectra to be a powerful diagnostic of CONs. The increased sensitivity of JWST will allow
the identification of CONs at cosmic noon, revealing this extreme but hidden phase of galaxy evolution.

Key words. galaxies: nuclei — galaxies: evolution — infrared: galaxies

1. Introduction

Recent observational evidence has revealed the presence of
highly compact (<100 pc), dusty nuclei in a subset of lumi-
nous (10" Lig < Ly10'? Ly) and ultra-luminous (Lig > 10'? L)
infrared galaxies (LIRGs and ULIRGs, respectively; e.g.,
Aalto et al. 2015; Falstad et al. 2021). These objects represent
a crucial phase in galaxy evolution where the nucleus builds
mass rapidly through star formation and/or supermassive black
hole (SMBH) growth (e.g., Garcia-Burillo et al. 2012; Gao et al.
2021). As SMBHs are known to co-evolve with their host galaxy
(e.g., Kormendy & Ho 2013), these nuclei may play a key role
in this co-evolution.

Compact obscured nuclei (CONs) exhibit high column den-
sities of gas (Ng > 10% cm™2) and dust that are highly opaque
at short wavelengths (UV/optical). This has prevented the nature
of the power source from being uncovered. It is unclear whether
the nuclear power source is accretion onto a SMBH and/or
a compact nuclear starburst with a top-heavy initial mass

function (e.g., Hickox & Alexander 2018; Tacchella et al. 2018;
Kocevski et al. 2017).

Rotational-vibrational lines of HCN have been used to iden-
tify and probe the radiation field hidden behind the dust (e.g.,
Aalto et al. 2015, 2019; Falstad et al. 2021). These lines are
a result of a heat-trapping effect (e.g., Kaufman et al. 1998;
Rolffs et al. 2011; Gonzalez-Alfonso & Sakamoto 2019), where
the extreme density of dust and gas traps radiation from a cen-
tral heating source, increasing its internal temperature and pop-
ulating the vibrational states of HCN while the external dust
remains cool. Falstad et al. (2021) carried out a search for CONs
in the local Universe (z < 0.08) using a representative sample
of 46 galaxies, finding CONs more frequently in ULIRGs than
LIRGs. However, this technique relies on a relatively weak emis-
sion feature that is extremely challenging to detect at higher red-
shifts, prompting the need for alternate techniques.

Garcia-Bernete et al. (2022a) showed that polycyclic aro-
matic hydrocarbon (PAH) features in the mid-infrared can be
used to detect highly obscured nuclei via their equivalent width
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(EW) ratios. The presence of a highly obscured nucleus will cause
deep absorption at 9.8 um from silicates, which will suppress the
nuclear continuum around the 11.3 um PAH feature, increasing
its EW relative to the 6.2 um and 12.7 um PAH features, which
are less affected by extinction. Therefore, highly obscured nuclei
can be revealed through lower EW ratios of the 12.7 um fea-
ture relative to the 11.3 um and the 6.2 um to the 11.3 um PAH
(Garcia-Bernete et al. 2022a). Pure star-forming galaxies show
near-constant PAH EW ratios as the intrinsic flux ratio is approx-
imately constant and the PAHs are subject to the same extinction
as the continuum (Herndn-Caballero et al. 2020).

Additional techniques of identifying highly obscured nuclei
in the mid-infrared include the 14 um HCN absorption feature
(Lahuis et al. 2007) and the various crystalline absorption bands
(e.g., Spoon et al. 2022). However, the former was difficult to
observe with Spitzer, as this feature is faint and easily diluted,
and the latter relies on absorption at 28 um and 33 um, which are
outside the observing range of the James Webb Space Telescope
(JWST), limiting future application.

In this work we investigate the properties of deeply obscured
nuclei based on mid-infrared spectroscopy and evaluate the effi-
cacy of different methods in identifying such objects. Utilising
Spitzer InfraRed Spectrograph (IRS; Houck et al. 2004) spectra,
we introduce a new spectral decomposition method that splits the
continuum into a relatively unobscured star-forming component
and a nuclear component, which is subject to higher extinction.
We apply the new decomposition method to samples of LIRGs
and ULIRGs to determine the properties of their nucleus. We
also use spatially resolved spectra to test how dilution from the
host galaxy affects the measured PAH EW ratios.

The paper is structured as follows: In Sect. 2 we describe the
samples of the IRS staring mode data and the construction of
cubes for the spectral mapping data. In Sect. 3 we describe our
new spectral decomposition method. In Sect. 4 we explore the
properties derived from the spectral decomposition and analyse
the spectral mapping data. Finally, in Sect. 5 we estimate the
number of CONs in ULIRGs and LIRGs and discuss the effect of
galaxy inclination and prospects for future work using the JWST.

2. Observations

In this work we used Spitzer spectroscopy for a number of
galaxy samples. The majority of the data presented are low-
resolution staring mode spectra. The reduced IRS staring mode
spectra were obtained from the Infrared Database of Extragalac-
tic Observables from Spitzer (IDEOS; Spoon et al. 2022).

2.1. Staring mode data

For the present study we used two main samples of LIRGs and
ULIRGs. For a representative sample of ULIRGs, we used the
Herschel Ultra luminous infrared galaxy Survey (HERUS) sam-
ple (Farrah et al. 2013), which consists of the 42 local ULIRGs
that were observed with Spitzer. For a complete sample of
LIRGs we used the Great Observatories All-sky LIRG Sur-
vey (GOALS; Armus etal. 2009) sample, which consists of
179 LIRGs and 22 ULIRGs. As not all of these have been
observed with Spitzer, this brings the sample down to 143 LIRGs
and 15 ULIRGs.

We also used a reference sample of purely star-forming
galaxies from Herndn-Caballero et al. (2020) where full details
of the sample selection can be found. In addition we used the
CONgquest sample, which consists of 44 declination and dis-
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tance limited objects selected from the IRAS revised bright
galaxy sample (Sanders et al. 2003). Full details can be found
in Falstad et al. (2021). Of these 44 galaxies, 29 have Spitzer
spectra with the majority of the objects without spectra being
sub-LIRGs.

2.2. Spectral mapping data

In addition to the staring mode spectra we also employed a sub-
sample of LIRGs from the GOALS sample that had Spitzer IRS
spectral mapping observations with the SL1 and SL2 modules,
providing spectra between ~5 and 14 um (Alonso-Herrero et al.
2009, 2012; Pereira-Santaella et al. 2010). We chose targets
without staring mode spectra with the exception of NGC 6926,
which was selected as a CON candidate by Garcia-Bernete et al.
(2022a) to provide an additional candidate to investigate. We
also excluded a few objects (IRAS 08339+6517, NGC 6052,
NGC 6240, and NGC 6621) that had poor signal to noise ratio or
issues with the data reduction. The resulting sample presented in
this work is shown in Table 1 with some basic properties.

The basic calibrated data were obtained from the Spitzer
Heritage Archive' and subsequently combined to construct spec-
tral cubes using CUBISM. This process combines the different
slit exposures, subtracts the sky background and rejects bad pix-
els yielding a spectral cube for each module and an associated
cube containing the flux errors.

To accurately extract spectra from the two SL modules, we
determined the centre location of the object of interest and spa-
tially aligned the two modules. We use the DAOStarFinder algo-
rithm (Stetson 1987) from the PHOTUTILS python package, to
obtain positions of sources in the image. We applied this tech-
nique to integrated intensity (moment 0) maps of the 5.4 um con-
tinuum (5.47-5.44 um), to identify the position of the nucleus. In
order to ensure the cubes are spatially aligned we generated inte-
grated intensity maps of the overlapping channels (7.53-7.6 um),
and found the position where the flux peaks. The spatial offset
between the two modules was generally found to be small but
non-negligible in some cases (up to ~1”"). This offset correction
was then applied when extracting the spectra from each cube.

As the point spread function for these observations is large
(full width at half maximum of ~3.8" at 14 um), we extracted
spectra in circular apertures each of which provide different dilu-
tions of the galaxy disc with respect to the nuclear region. Specif-
ically, they were circular apertures of radius 2.5, 4.5, 6.5, and
8.5 arcsec, which are shown in Fig. 1 for Arp 299 A.

The smallest aperture was corrected for slit losses using a
standard star to achieve a point source extraction for the nuclear
region. The correction factor was obtained by calculating the flux
ratio between an aperture containing the total flux of the star
(7.5”") and the nuclear aperture (2.5””). A smooth function of the
correction factor as a function of wavelength was obtained by
fitting a 4th order polynomial to the measured flux ratios. This
factor was subsequently applied to the 2.5” spectral extractions.

The majority of spectra analysed in this work consists only
of the SL1 & SL2 modules. This is because the longer wave-
length LL1 & LL2 modules probe larger spatial scales and so
galaxies containing an active galactic nucleus (AGN) or a CON
will have different relative contributions of the host at long
wavelengths compared to short wavelengths if the full spectral
range was used. Therefore, in order to avoid making physical

! https://sha.ipac.caltech.edu/applications/Spitzer/
SHA/
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Table 1. Spectral mapping sources.

Name RA Dec Z log (Lir/Ly) Merger class
(D @) 3 “) (&) (6)
Mrk 938 00h11m06.56s  —12d06m28.2s 0.01962 11.49 d
MCG-02-01-051A 00h18m49.85s —10d21m34.0s 0.02710 11.48 b
Arp 236 B (VV 114 W) 01h07m46.72s  —17d30m27.9s 0.02007

Arp 236 A (VV 114 E) 01h07m47.54s  —17d30m25.6s 0.02007 11.71 C
UCG 03410 (UGC03405) 06h13m57.90s  +80d28m34.7s 0.01247 11.10 N
ESO557-G002 06h31m45.71s  —17d38m44.9s 0.02099 11.25 -
NGC 2342 A (NGC 2341) 07h09m12.01s  +20d36ml11.2s 0.01722 11.31 a
NGC 2369 07h16m37.7s —-62d20m37s  0.01081 11.16 a
NGC 2388 A (NGC 2389) 07h29m04.59s  +33d51m38.0s 0.01316 11.28 a
Arp 299 B (NGC 3690) 11h28m30.987s  58d33m40.80s 0.01041

Arp 299 A (IC 694) 11h28m33.626s 58d33m46.65s 0.01041 11.93 C
ES0O320-G030 11h53m11.7s -39d07m49s  0.01078 11.17 N
NGC 4922 13h01m25.27s  +29d18m49.5s  0.02359 11.38 C
MCG-03-34-063 13h22m19.02s  —-16d42m30.0s 0.02133 11.28 d
NGC 5257 A (NGC 5258)  13h39m57.72s  +00d49m53.0s  0.02254 11.62 b
NGC 5395 13h58m37.96s  +37d25m28.1s  0.01158 11.08 N
IC4518E 14h57m45.33s  —43d07m57.0s 0.01573 11.23 a
ZW 049.057 15h13m13.1s +07d13m32s  0.01306 11.35 N
IC 4687 18h13m39.80s  —57d43m30.7s 0.01734 11.62 b
NGC 6786 A 19h11m04.37s  +73d25m32.5s 0.02502 11.49 C
NGC 6926 20h33m06.1s —02d01m39s  0.02001 11.32 d
IC 5179 22h16m09.1s -36d50m37s  0.01141 11.24 N
NGC 7552 23h16m10.7s —42d35m05s  0.00536 11.11 N
NGC 7592 B (W) 23h18m21.78s  —04d24m57.0s 0.02444

NGC 7592 A (E) 23h18m22.60s  —04d24m58.0s 0.02444 11.40 b
NGC 7674 23h27m56.71s  +08d46m44.3s  0.02903 11.56 a
NGC 7752 A (NGC 7753)  23h47m04.84s  +29d29m00.5s 0.01720 11.07 C

Notes. (1) source name; (2) source right ascension from GOALS targets (Armus et al. 2009); (3) source declination from GOALS targets; (4)
redshift obtained from NED; (5) total infrared luminosity (many of these contain multiple nuclei; see Armus et al. 2009 for more details); (6)
merger Class from Stierwalt et al. (2013) where N = non-merger, a = pre-merger, b = early stage merger, ¢ = mid-stage merger, and d = late stage

merger.
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Fig. 1. Example of the spectral extraction, in this case for Arp 299 A, at different spatial scales. Left: integrated intensity map of the SL1 cube
(7.46-14.29 um) overlaid with circular apertures of radii 2.5, 4.5, 6.5, and 8.5”, shown as the dashed lines. Right: extracted spectra from the
apertures in the left panel with the corresponding colour. The innermost spectrum (purple) has had an aperture correction applied.

assumptions when applying a correction factor we simply
restrict our analysis to the SL modules.

3. Spectral fitting

There are a number of approaches to modelling the mid-infrared
spectrum of galaxies. A popular tool from the Spitzer era is
PAHFIT (Smith et al. 2007), which models the continuum with

a series of black bodies subject to extinction and PAH emission

features with a series of Drude profiles. The tool is well suited to
model pure star-forming galaxies; however, it is less well suited
to objects that contain highly obscured nuclei and/or AGN.
Alternative techniques have been used to address this prob-

lem, such as QUESTFIT (Veilleux et al. 2009) and DeblendIRS
(Hernan-Caballero et al. 2015); however, both of these assume
a set of fixed templates for the PAH emission, which prevents
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Fig. 2. Star-forming continuum templates derived from the star-forming sample. Left: unobscured continua, Csp(1), obtained from the fits to the
star-forming sample, used as templates for the spectral decomposition. The colour indicates the steepness (8.0 wum—13 um): the darker the colour,
the steeper the continuum. Right: histogram of the optical depths, assuming mixed geometry, for the star-forming sample. The red line shows the
half-normal prior used for the spectral decomposition based on these results.

us from measuring the properties of the PAHs independently for
each object.

The presence of a distinctly different nuclear continuum
in heavily obscured objects makes it difficult to model these
sources with a single extinction component. We therefore cre-
ated a new model that retains the PAH emission and spectral
lines of the PAHFIT tool but models the continuum with two
components, a nuclear and a star-forming one, each subjected
to different levels of extinction. In what follows we describe the
parameterisation of each component in detail.

3.1. Star-forming component

To model the star-forming component of the continuum we
generated templates by fitting the star-forming sample of
(Hernan-Caballero et al. 2020) with PAHFIT. The left panel of
Fig. 2 shows the resulting continuum templates ordered by their
flux ratio between 8 and 13 um. Rather than selecting an indi-
vidual template, we linearly interpolate between the templates
ordered in this way with a single parameter between 0 and 1
where 0 corresponds to the steepest template. The resulting tem-
plate, Csp(Ad), is then subject to extinction (assuming mixed
geometry) of the form I_Tef” , where we restrict the optical depth,
T,, using a half-normal prior based on the resulting fits from the
star-forming sample. This is shown in the right panel of Fig. 2,
where the histogram shows the optical depths at 9.8 um inferred
from the star-forming sample and the red line shows the half-
normal prior used for the extinction of the star-forming compo-
nent for the spectral decomposition.

3.2. Nuclear component

The nuclear component in our model consists of a continuum with
some extinction applied. The continuum, Cnyc (1), is modelled as a
quadratic spline with three evenly spaced anchor points at 5.5 pm,
9.85 umand 14.2 pm. The y-value of these knots is allowed to vary
as a free parameter. As the continuum is normalised by the total
flux and scaled by the nuclear fraction, 3, the spline has effec-
tively only two free parameters. Extinction is then applied to the
continuum as a screen using the ice template and silicate template
derived from NGC 4418 and has the form e~(Tiee(D*™() The sili-
cate template is normalised to 1 at 9.8 um, and therefore the optical

A87, page 4 of 22

depth, 7y, is that measured at 9.8 um. However, it is worth noting
that this is an underestimation as it assumes 7 = 0 at the anchor
points when in reality a power law component to the extinction
curve causes 7 > 0 at the anchor points.

The ice template (including the CH absorption) is allowed
to vary separately to the silicate template, resulting in a total of
four free parameters (two for the shape of the spline, Cnyc(4),
and two for the extinction, 7y, and 7n) determining the shape of
the nuclear component. The creation of these templates is dis-
cussed in Appendix A. For the silicate profile we used a tem-
plate derived from a highly obscured source, namely NGC 4418,
because the composition of silicates is likely different (resulting
in a different profile) compared to extinction laws derived from
the Milky Way (e.g., Tsuchikawa et al. 2021) or the line of sight
is more complex than towards the galactic centre.

It is also work noting that the optical depth peak of the sili-
cate profile of NGC 4418 is ~4.4 from the Spitzer spectroscopy
whereas ground based observations with a smaller beam find a
higher peak ~7 (Roche et al. 2015). This means that the silicate
profile used is still contaminated by some amount of star forma-
tion and so the nuclear optical depth values inferred should be
taken as lower limits for the true optical depth. In Appendix B
we compared this silicate template to another one — that of
IRAS 08572+3915. From this testing we find the results from
this work to be unchanged.

For objects where the nuclear optical depth is minimal, the
continuum decomposition is unreliable as there is nothing to
differentiate the star-forming component from the nuclear one.
However, the total continuum should be reliable. Therefore, the
decomposition is particularly sensitive to cases where the optical
depth is high (as in the case of a CON) and the contribution of the
nuclear component is above a certain threshold. We investigate
this further in Sect. 3.5.

3.3. Full model

The resulting full model is given by

NLines

ORI DIRNMCIEDY

i=1 i=1
+ BCnue (/l)e_(TIce(/l)“’TN(/l)) ,
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where Csp(A) is the star-forming unobscured continuum, 3 is the
nuclear fraction, and Cyyc(A4) is the nuclear unobscured contin-
uum. These unobscured continua multiplied by their respective
extinction factors are normalised by their area to ensure that the
scale factor, S, gives the fractional contribution of the nucleus
to the total continuum flux (between 5 and 14 um). The area is
calculated numerically during the fitting process.

To aid in the decomposition, we enforced a prior on the ratio
of the total PAH flux, fpay, to the integrated continuum flux of
the star-forming continuum, fsg, between 5 and 14 um. From
the PAHFIT results for the star-forming calibration sample we
found this ratio to be fpau/fsp & 1.92. We use a very wide
normal prior with a standard deviation of 10.0. This wide prior
is designed to discourage solutions with zero contribution from
the star-forming component as the large apertures of Spitzer will
contain at least some extended contribution. The large width of
this prior was chosen arbitrarily such that the prior discourages
zero star-forming component where fpap/ fsg — co but does not
heavily bias the results.

3.4. Bayesian inference

To fit these models to the spectra, we used a Bayesian approach
to provide accurate posterior probabilities for the galaxy prop-
erties of interest. We used Markov chain Monte Carlo (MCMC)
sampling from NUMPYRO (Phan et al. 2019) to sample the rela-
tive posterior probability of the model given the data, Pr(M|D),
which is given by

In Pr(M|D) = In Pr(M) + In Pr(D|M) + const., 2)
where the prior, Pr(M), is uniform between sensible limits
as discussed in the previous sections and the log-likelihood,
InPr(D|M), is effectively just the chi-squared as the error bars
are fixed by the data:

InPr(D|M) = Z ((ﬁ

i=1

H)

O’
i

3

) + const.,

where there are N flux data f;, with error o;. From NUMPYRO, we
used the No-U-Turn Sampling (NUTS), a Hamiltonian Monte
Carlo method that allows for faster sampling through paralleli-
sation compared to traditional MCMC methods. After a burn-
in of 2000 samples we take another 2000 samples to obtain
marginalised posteriors for each of the parameters.

From the MCMC samples, posterior probability distributions
for the properties derived from the spectra were constructed. We
are primarily interested in the EW of the PAH features, which
were calculated numerically for each sample of the parameters
using

fPAH
EW f LOIll
where fPAH is the PAH profile and f" is the continuum.
The EW ratios of the various PAH features can then be cal-
culated with associated error bars. The continuum used is the
ice-corrected continuum to allow comparisons with the IDEOS
sample (Spoon et al. 2022), and to better determine how the sil-

icates may affect the PAH features. The integrated flux of the
PAH features is also calculated using

fPAH — f ffAHdV,

“

&)

where posteriors for the PAH flux ratios can be calculated. We
do this with and without extinction applied to obtain estimates
for the intrinsic ratios as well.

We also estimate the strength of the 9.8 um silicate feature
defined as (Spoon et al. 2007)

cont
9.8,0bs J
9

(6)

cont

Sl = ln[
9.8,int

which is the log of the ratio of the observed to the intrinsic con-
tinuum at 9.8 um. It should be noted that this is different from the
nuclear optical depth, 7y, in the spectral decomposition method,
which allows the nuclear silicate feature to be ‘filled up’ by the
star-forming dust continuum. Therefore, objects with a buried
nucleus but with a strong extended star-forming component may
have a low observed silicate depth as defined by Eq. (6) but a
deep nuclear optical depth, 7.

3.5. Testing the method

The primary motivation for modelling the spectra using this new
decomposition tool is to provide a realistic continuum to enable
us to accurately infer the properties of the emission features.
However, it also allows us to better constrain the physical prop-
erties of the two components (nuclear and star-forming), par-
ticularly the optical depth of the nuclear region, the fraction of
the nuclear to the total continuum and, consequently, the shape
of the nuclear continuum. It is therefore instructive to test the
effectiveness of this decomposition method before inferring the
properties of the deeply obscured galaxies studied here.

3.5.1. Accuracy of inferred properties

We first generated simulated data of a typical star-forming
galaxy hosting a CON (with a given 7y) with varying degrees
of dilution from the host galaxy (different values of ). This was
done by constructing a spectrum using a star-forming galaxy and
a CON template, where different fractional contributions, 83, of
the CON were used. We then ran the decomposition tool on the
spectra and tested its ability to recover the true nuclear fraction
and nuclear optical depth.

We used NGC 1797 for the star-forming component as this
shows a typical spectrum of a star-forming galaxy with some
silicate absorption, and the nucleus of NGC 4418 as the CON
template. The star-forming continuum was normalised to the
integrated continuum flux between 5 and 14 um. The PAH and
emission lines from NGC 1797 were also included as part of
the star-forming component and were normalised by the same
factor as the continuum. The CON continuum from NGC 4418
was normalised by its integrated flux over the same wavelength
range. The star-forming component was then scaled by (1 — 3)
and the CON component by g for 20 values of 8 between 0 and 1.
We generated two sets of simulated data, the first with a CON
component with 7y = 4.5 and the second with a lower nuclear
optical depth of Ty = 3.0 to test the reliability of the method for
different levels of nuclear obscuration.

Figure 3 shows two example fits to the simulated data with
the left panel showing a CON highly diluted by the host galaxy
(8 = 0.42) and the right shows a CON-dominated source (8 =
0.89). In both cases the nuclear optical depth, 7x, and nuclear
fraction, S, are successfully recovered by the model. At values
of 5 < 0.4, we find that the method is unable to recover the
nuclear fraction and/or the optical depth as reliably, although in
the case of the optical depth, the errors do a reasonably good job
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Fig. 4. Testing the recovered properties of simulated data using the spec-
tral decomposition fitting method. Left: measured nuclear fraction, 3,
against the true value. The solid black line shows where the measured
equals the true value. Right: measured nuclear optical depth, Ty, against
the true nuclear fraction. The solid horizontal lines show the true opti-
cal depth of 7y = 4.5 in red and 7y = 3.0 in blue. The vertical dashed
black lines show a cutoff of 8 = 0.4, below which the measured values

become unreliable.

of accounting for this. This is demonstrated in Fig. 4, where the
measured nuclear fraction is plotted against the true value of the
nuclear fraction in the left panel. The red points shown the data
set with a Ty = 4.4 whereas the blue show a lower 7 = 3.0. This
plot demonstrates that even when the nuclear component has a
lower optical depth, the nuclear component is still recovered by
the model. The right panel shows the measured optical depth
for each simulated spectrum with the true value of 7y = 4.5
displayed for the red points and 7y = 3.0 for the blue points.

In the cases of maximum dilution 8 < 0.15, the optical depth
recovered is significantly below the true value but with a high
measured value of . This is likely due to the nuclear component
being used to fit the star-forming component as the two com-
ponents become degenerate when £ is low. We therefore con-
clude that the optical depth is accurately recovered for values of
TN > 2.5 (>50 of the silicate depths of the star-forming calibra-
tion sample) and nuclear fractions of 8 > 0.4.

3.5.2. Multiple-aperture fitting

From the spectral mapping data, each aperture yields a spectrum
(see Fig. 1) that we would like to fit. As each of these aper-
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tures has the same centre but different radii they contain the same
nucleus but different star-forming fractions. It is therefore impor-
tant to fit all these spectra simultaneously assuming the same
nuclear component for all the spectra but different star-forming
components for each.

To test this idea, we used the spectral map of a known
CON to measure the nuclear properties from the spectra of
each aperture individually and then compare the results to
those from fitting all the apertures simultaneously. We used
ESO 320-G030, which is known to be a CON but has
a strong star-forming component (e.g., Alonso-Herrero et al.
2006; Gonzalez-Alfonso et al. 2021).

The left panel of Fig. 5 compares the measured nuclear frac-
tion for each aperture when fitting all the spectra simultane-
ously sharing the same nucleus against fitting each of the spec-
tra independently. The measured values are consistent within 1o
between the two methods. The right panel of Fig. 5 shows the
measured optical depth of the nucleus measured from each aper-
ture individually compared to those measured from all apertures
when fit simultaneously. Again, we find that the measurements
are consistent between the two methods and crucially, even in
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the presence of significant contribution from the host galaxy. In
this case we find that the value of Ty does not change, instead
the error bars expand accordingly. This test also demonstrates
the added value in fitting all the apertures simultaneously, with
tighter constraints on the nuclear optical depth. Having proved
the robustness of our method, we proceed and deploy the tool to
fit the spectral mapping data.

4. Results

Based on the spectral fits using the new decomposition tool, we
first refine the CON selection criteria (Sect. 4.1) before inves-
tigating the physical properties of the nucleus in Sects. 4.2 and
4.3. We then present results using the spectral mapping data in
Sect. 4.4.

4.1. Refining the CON selection criteria

To select CONs using PAH EW ratios, Garcia-Bernete et al.
(2022a) defined two ratios: EW(12.7)/EW(11.3) and
EW(6.2)/EW(11.3). Both are the ratio of the EW of a
PAH feature outside the 9.8 um silicate absorption (12.7 um
and 6.2um) relative to the 11.3um PAH that is located
within this absorption band. Using the star-forming sample of
Hernan-Caballero et al. (2020), Garcia-Bernete et al. (2022a)
showed that both of these ratios were constant for the sample
although the 6.2/11.3 ratio shows a larger scatter. As the pres-
ence of a heavily obscured nucleus results in a lower continuum
around the 11.3um PAH feature compared to the 6.2 um or
12.7 um PAH, the CON selection region was defined by values
of the EW(12.7)/EW(11.3) and EW(6.2)/EW(11.3) ratios below
those found for the star-forming sample.

As the previous PAH EW thresholds for selecting highly
obscured nuclei from Garcia-Bernete et al. (2022a) were based
on IDEOS fits using Pearson-IV profiles for the PAH fea-
tures, we need to refine those criteria in line with our new
fitting method. For this purpose we therefore re-fitted the
Hernan-Caballero et al. (2020) star-forming sample using our
new spectral decomposition method.

The resulting EW ratios are shown in the top left panel of
Fig. 6 where the 12.7/11.3 PAH EW ratio has a mean value of
(EW12.7/EW11A3> = 0.427 with a scatter OfO-(EW]2‘7/EW]]A3) =
0.077. Subtracting the average uncertainty of the data (0.030)
in quadrature, we obtain an intrinsic scatter of ~17%. The
6.2/11.3 PAH EW ratio shows a much larger scatter with a mean
(EWg2/EW113) = 0.99 and a scatter o (EWg,/EW113) = 0.49.

Comparing our fitting (Drude PAH profiles) to that of IDEOS
(Pearson-IV PAH profiles), we find a larger mean value in the
EW,7/EW| 3 and a higher scatter. They found a mean of 0.346
and ~5% intrinsic scatter (Hernan-Caballero et al. 2020).

The larger scatter in the 6.2/11.3 PAH EW ratio may be due
to differences in the intrinsic properties of the continuum. Dif-
ferent dust temperatures will more strongly affect the continuum
between 6.2 and 11.3 than 12.7 and 11.3. This can be seen in the
left panel of Fig. 2 where the presence of hotter dust (>200 K)
will increase the continuum around 6.2 um.

Using the newly measured PAH EW values we defined the
CON selection region as follows: we take the 20~ lower boundary
as the threshold for the 12.7/11.3 and the 1o~ lower limit for the
6.2/11.3. These criteria result in the purple shaded region shown
in Fig. 6, where the thresholds are EW,7/EW;3 = 0.271 and
EW¢.,/EW/; 3 = 0.503 for our spectral decomposition tool.

Two objects in the Herndn-Caballero et al. (2020) star-
forming sample fall in the CON region namely VV 283a and

UGC 01845. Both of these objects are LIRGs with log(Lir/Lo)
= 11.68 and 11.12, respectively (Armus et al. 2009). These two
objects are not selected by Garcia-Bernete et al. (2022a). From
our optical depth selection discussed in Sect. 4.2 we identify
a further 5 potential CON candidates from this sample (all
of them are LIRGs). Since this sample was selected only by
excluding AGN, identifying CON candidates is therefore not
unexpected.

4.2. Physical properties of CONs

Fitting the mid-infrared spectra with our physically motivated
model allows us to recover the continuum of the nuclear com-
ponent, thus providing insight into the physics of CONs, in
particular the nuclear optical depth at 9.8 um, 7y, and the
level of dilution from the host galaxy in form of the nuclear
fraction, (3.

It is therefore instructive to investigate further properties of
the CONS . First, we examined whether there is a possible rela-
tion between the model-derived quantities and the properties
of the HCN-vib line. Using our method to fit the CONquest
sample from Falstad et al. (2021), we measured the nuclear opti-
cal depth, 7n. The measured PAH EW ratios are shown in the
top right panel of Fig. 6. In Fig. 7 we show 7y as a function
of the HCN surface brightness in the left panel, and the ratio to
the Lir in the right panel. In both plots there is a clear trend for
a higher optical depth correlating with stronger HCN-vib emis-
sion. A Pearson correlation test results in coefficients of 0.91
and 0.84 for the HCN-vib surface density plot and HCN-vib to
Lir plot, respectively. This correlation provides good evidence
that the heat-trapping effect required to populate the vibrational
states of HCN is consistent with the presence of large quanti-
ties of dust with a high internal temperature producing the mid-
infrared radiation field and a cool dusty exterior to provide the
high optical depths of the silicate absorption feature.

Unlike the nuclear optical depth, the apparent silicate
strength as measured using Eq. (6) shows no trend with HCN-
vib as this property is highly sensitive to dilution from the host-
galaxy. We show this in Appendix C for reference. We also show
the 12.7/11.3 PAH EW ratio against the strength of HCN-vib,
which does show a trend, albeit one that is weaker than that of
the nuclear optical depth.

The Falstad et al. (2021) definition of a CON is based on
the strength of the mm vibrational transitions of HCN. They
used two definitions, the surface brightness of HCN: ycn.vip >
1 Lo pc? and the ratio to the infrared luminosity: Lycn.vio/Lir >
1073, Based on the correlation found in Fig. 7 we can there-
fore attempt to derive a new CON definition based on the optical
depth values determined through our fitting method.

To do this we fitted a straight line in log-log space using
SCIPY orthogonal distance regression to account for the errors
in both x and y. This allowed us to find an optical depth cor-
responding to the definitions of Falstad et al. (2021). Taking
ZHCN-vib > 1 Lo pC_2 requires ™~ > 3.5 and Lycnwvin/Lir > 1078
requires 7N > 3.3. As the surface brightness is a more robust
definition and gives a stricter threshold, we adopt 7y > 3.5 as a
criterion to select deeply obscured nuclei. In addition, we impose
the extra condition that the nuclear contribution must be greater
than 40% to ensure the value of 7y is reliable from the fitting as
discussed in Sect. 3.5.

This now means we have an additional method for selecting
CON candidates in the mid-infrared based on the decomposition
technique presented in this work.
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4.3. CON spectral shape

In Fig. 8 we show the continua of the nuclear components of
CONs in LIRGs and ULIRGs from the GOALS and HERUS
samples, respectively. These were selected based on the optical
depth as described in the following paragraphs. While all show
a deep silicate absorption, the slope of the continuum between
5 and 8 um varies significantly between objects, with some dis-
playing flat continua, such as ESO 374-1G 032, and others show-
ing steeper spectra, such as IRAS 17578—-0400. This may reflect
differences in the amount of hot dust present since hotter dust
will result in a flatter continuum towards shorter wavelengths. A
possible explanation for this might be the presence of hotter dust
where a more direct line of sight to the central engine allows the
dust to reach higher temperatures (e.g., Efstathiou et al. 2022;
Lyu & Rieke 2018). This may suggest an inclination dependence
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where more face-on sources show this hotter dust; however, it
remains difficult to reconcile this picture with the large levels of
obscuration required to produce the deep silicate absorption.

4.4. Spectral mapping sample

In this section we present the results of the fits the spectra from
from the spectral mapping sample, where we fitted all the aper-
tures simultaneously (and the shape of the nuclear spectra is the
same for all of them, as discussed in Sect. 3.5).

Figure 9 shows the PAH EW ratios of this sample and how
these vary with aperture size. From this figure it is clear that
the PAH EW ratio values from the inner aperture deviate from
the others for a number of objects, for example Arp 236 A and
Mrk 938. Before analysing further we investigated the effect
of the aperture correction on the spectra extracted from this
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aperture. The slope of the continuum is strongly dependent on
this correction function and thus the PAH EWs will depend on
this. Therefore, due to the aperture corrections, the CON selec-
tion box that is calibrated from staring mode spectra may not be
directly applicable to spectral maps.

4.4.1. Aperture correction effects

To quantify if the aperture correction has a significant effect we
compared the PAH EW ratios measured from the spectral map-
ping mode compared with those from the staring mode. We used
NGC 5990 to do this as it has a significant nuclear component
(AGN fraction of 0.49 from Diaz-Santos et al. 2017). Figure 10
shows the PAH EW ratios for each aperture of the spectral maps

with the staring mode added as the black point. The aperture of
radius 2.5” (in purple) has the aperture correction applied and
shows a deviation from the interpolated curve when including
the staring mode point but excluding this point. This suggests
that the aperture correction may be responsible for changing the
PAH EW ratio values for the innermost aperture.

To account for this uncertainty we extended the CON selec-
tion criteria to a larger region using the EW ratios for NGC 5990.
We used a cubic interpolation of each EW ratio against aperture
radius excluding the 2.5” aperture and measured the deviation
of the interpolated vs. measured PAH EW ratios at 2.5”. To do
this we used a radius of 1.8" for the staring mode spectra as
this roughly corresponds to the slit width. Using the measured
deviation for the 2.5” aperture we created a larger box shown in
Figs. 9 and 10 where the 12.7/11.3 EW threshold is increased by
0.058 and the 6.2/11.3 EW threshold is increased by 0.074. This
creates an ‘error’ region where the EW ratios inferred from the
innermost aperture are consistent with a CON.

4.4.2. CONs in the spectral mapping sample

Using the adjusted PAH EW CON selection criteria we find two
objects that meet both the 12.7/11.3 and the 6.2/11.3 PAH EW
criteria: ESO 320-G030 and ZW 049.057, both of which are
known CONs with a HCN-vib surface brightness of Zgcen.vin >
1 Ly pc™? (Falstad et al. 2021).

There are additional objects that may be CONs, selected by
only one of the PAH EW criteria. The strongest candidate of these
is Arp 299 A as it has a low enough 12.7/11.3 PAH EW ratio,
which is more reliable than the 6.2/11.3. This object also almost
meets the optical depth criterion of 7y > 3.5 with 7y = 3.3. Other
objects that could be CONs are Arp 236 A and Mrk 938, which
are both within 1o of the adjusted selection region. Additionally,
NGC 6926 meets both PAH EW ratios with the staring mode but
this spectrum suffers from some reduction issues.

For the two known CONs (ESO 302-G030 and ZW049.057)
we see a clear trend with how the EW ratios change with aperture
size. As more of the galaxy disc is included within the aperture,
the EW ratio moves away from the CON selection region and
towards the mean values of the star-forming calibration sample.
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title.

This shows that dilution from the host galaxy can cause objects the Mid Infrared Instrument (MIRI) on the JWST compared to

to be missed by the PAH EW method; however, higher spatial ~the Spirzer spectral maps.

resolution will overcome this issue. This last point is important
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A few other objects show trends with aperture size such as
considering the factor of ~10 increase in the spatial resolution of the other potential CON candidates Mrk 938 and NGC 6926
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but also NGC 7552 and UGC 03410. Another interesting trend
with aperture size can be seen in Arp 299 A, where the
12.7/11.3 PAH EW ratio increases as the aperture decreases. The
high optical depth measured for this object means that the con-
tinuum will cause the PAH EW ratio to move in the opposite
direction therefore changes in the 12.7/11.3 PAH flux ratio must
drive this change and so the PAH properties may be different in
the nuclear region.

The flux ratio of PAHs are known to be sensitive to changes
in the properties of PAHs such as the size, charge and hard-
ness of the incident radiation field (see Li 2020, for a review).
There is evidence that the PAH molecules in the vicinity of AGN
are larger and more neutral (Garcia-Bernete et al. 2022b,c) and
may even be excited by AGN on very small scales (Jensen et al.
2017). It, therefore, is plausible that Arp1299 A represents an
AGN that used to be completely obscured and has expelled
some dust exposing PAH molecules to radiation from the
central engine and therefore changing the properties of PAH
molecules in the nuclear region. Arp 299 B is a known AGN
(Alonso-Herrero et al. 2009) that also shows a strong increase in
the 12.7/11.3 PAH EW ratio with the smallest aperture, although
this is likely strongly affected by the aperture correction, as dis-
cussed in Sect. 4.4.1.

5. Discussion
5.1. How many CONs exist in the local Universe?

The first systematic search for CONs was done by Falstad et al.
(2021) using the HCN-vib line; they found CONs in 38*3%
of ULIRGsS, 21fé2% of LIRGs, and Ofg% of sub-LIRGs. This
result is limited by the small sample size, hence the large errors.

Using the PAH EW technique, Garcia-Bernete et al. (2022a)
found CONs in 30% of ULIRGs but only 7% of LIRGs, with the
discrepancy likely due to dilution of the nuclear continuum emis-
sion by star formation in the disc of the host galaxy. To build on
this work we can now use the optical depth selection criteria to
recover those CONSs that were missed by the PAH EW technique
to achieve a more accurate estimate of the number of CONs in
ULIRGs and LIRGs.

For the ULIRG sample we used HERUS (Farrah et al. 2013),
as outlined in Sect. 2. For the LIRG sample we used GOALS
(Armus et al. 2009). To estimate 10~ uncertainties on the fraction
of CONSs in each of the sample, we followed Falstad et al. (2021)
and used the Cameron (2011) method to construct a beta distribu-
tion of the CON fraction, which depends on the sample size.

From the HERUS sample of ULIRGs we identify 29f;% as
CONs from the PAH EW criteria as shown in the bottom left
panel of Fig. 6, in accordance with Garcia-Bernete et al. (2022a).
From the nuclear optical depth definition of Ty > 3.5 we select
slightly more objects with 36*5% as CONs.

The EW ratios of the full GOALS sample are shown in
the bottom right panel of Fig. 6 including the ULIRGs in that
sample. From this study, we exclude objects with only spectral
maps available as the required aperture corrections may bias the
results. Out of the LIRGs in the GOALS sample the EW ratios
select 7.738% as CONs, consistent with Garcia-Bernete et al.

(2022a). The optical depth definition selects 173% as CON:gs,
which is consistent with the CONquest results. In the case of
LIRGs, the difference between the optical depth and PAH EW
ratios techniques is larger.

To understand this discrepancy we show in Fig. 11 the mea-
sured nuclear fraction, B, for the LIRGs selected as hosting
CON s with each technique. The plot shows that the nuclear opti-
cal depth method selects additional sources with lower nuclear
fractions and thus greater dilution from the host galaxy, which
the PAH EW method misses. The discrepancy being larger for
LIRGs compared to ULIRGs is a consequence of the fact that
LIRGs contain more extended star-forming components and thus
are more susceptible to dilution from the host galaxy. This is con-
sistent with what was observed with the spectral mapping data
in Sect. 4.4.

For both LIRGs and ULIRGs the fraction of CONSs is consis-
tent with the results of the CONquest investigation (Falstad et al.
2021) with overlapping 1o intervals. A summary comparing the
various methods is given in Table 2. The larger sample sizes
afforded by using mid-infrared observations results in tighter
constraints on these numbers. It is worth noting that the peak
of the distribution for the number of CONs in LIRGs is slightly
lower than the CONquest results. This may just be statistical
error but it could also be due to objects where the nucleus is
so diluted by the host galaxy that they are excluded by our cut
requiring a nuclear contribution of 40%.

A comprehensive table of all the galaxies analysed in this
work can be found in Appendix E, where measured PAH EW
ratios and nuclear fraction/optical depths are reported. We also
report on the detection of the HCN 14 um absorption line
(Lahuis et al. 2007). Finally, we also include information on
the detections of the 23 um, 28 wm or 33 um crystalline silicate
absorption features from Spoon et al. (2022). These features in
absorption indicate heavily obscured nuclei via two methods.
Method I indicates sources with the 23 pm feature and 33 um
feature in absorption (i.e., sp3 < 0.0 and s33 < 0). Method II
indicates sources with 553 < —0.09 and s»3 < —0.02. Spoon et al.
(2022) also includes a method III for detection of the blue wing
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Fig. 11. Histogram of the nuclear fraction, 3, for LIRGs in the GOALS
sample selected as CONs via the PAH EW method (red) and the nuclear
optical depth (black). This shows that the nuclear optical depth identi-
fies additional sources that are more heavily diluted by the host galaxy.

Table 2. Fraction of CONs in ULIRGs and LIRGs in the local
Universe.

Method ULIRGs LIRGs
HCN-vib (Falstad et al. 2021) 38f{§% 21fé2%
PAH EW (Garcia-Bernete et al. 2022a)  30% 7.0%

29%7%  7.7%23%

PAH EW (this work) ¥ 20
365%  1775%

Nuclear optical depth, 7y (this work)

of the 33 um feature where the full feature is cut due to the red-
shift of the source. No objects analysed in this work are classified
by method III.

5.2. Effect of galaxy inclination

As mentioned previously, the PAH EW method can select CON
candidates independent of galaxy inclination as extinction from
the star-forming disc will affect both the PAH flux ratio and the
continuum ratio leaving the EW ratio unchanged. However, this
is not necessarily the case for the nuclear optical depth selection.
In Fig. 6 there is one object, NGC 3628, with a 7y > 3.5 but
is not selected as a CON by either the PAH EW ratios or the
HCN-vib surface brightness. This is a highly inclined galaxy,
which suggests that the nuclear optical depth obtained from our
spectral decomposition fitting may be sensitive to such galaxies
with strong dust lanes obscuring the line of sight, which may
bias our estimates of the number of CONs.

To quantify if this is an issue we obtained estimates for
the inclination of galaxies in the GOALS sample from the
NASA/IPAC Extragalactic Database (NED)? using the ratio of
the minor axis, b, to the major axis, a, to estimate the inclina-
tion, i where cos i = b/a. For the majority of the sample, the axis
ratios were from 2MASS imaging in the K; band (Jarrett et al.
2000) or r band imaging from SDSS (York et al. 2000). We
selected a sub-sample with 7y > 3.5 and compared to the full
sample. This is shown in Fig. 12.

2 https://ned.ipac.caltech.edu/

A87, page 12 of 22

e
35 | EEE Full Sample 1
) W< 3.5 ]

™w>3.5

No. of Galaxies

0 20 40 60 80
Galaxy Inclination, i (*)

Fig. 12. Inclination of galaxies in the GOALS sample obtained from
axis ratios. The full sample is shown in black, with objects selected as
obscured nuclei from the optical depth shown in red and those not as
CONs in blue.

Visually, the two samples look similar; however, there may
be some extra galaxies selected at the highest inclinations
(i 2z 65°). To determine if there is any statistically signif-
icant difference between the samples we performed a two-
sample Kolmogorov—Smirnov (K-S) test (Karson 1968) from
the SCIPY.STATS package. This tests the null-hypothesis that
the two samples are drawn from the same underlying distribu-
tion, which typically requires a p-value < 0.05 to reject. We per-
formed the K-S test on the sample with 7y < 3.5 and 7y >
3.5 to test whether there is any significant difference. We find
a p-value of 0.43, which suggests there is no statistically sig-
nificant difference between the two samples. It is worth noting,
however, that the small sample size of the CONs may make the
K-S test less likely to find a difference even if one exists and
so it is worth inspecting visually. We would also only expect
a difference at high inclinations where the dust lanes would
obscure the line of sight towards the nucleus and so if we only
compare the highest inclinations (i 2> 65°), we do see a bias
where sources may be falsely selected as CON candidates. The
case of NGC 3628 is one such example; however, this case also
shows the strength of the PAH EW method for selecting CON
candidates.

While there may be a bias falsely selecting highly inclined
sources as CON candidates, this bias may actually counteract the
exclusion of the most diluted CONs by their host galaxy (8 <
0.4) and so while individual objects may be misclassified, the
total number of CONSs likely remains accurate.

5.3. Future prospects

To really test the impact of CONs on galaxy evolution requires
observations across cosmic time, particularly at cosmic-noon
(z ~ 1-3). The advent of the JWST will be at the forefront
of finding and understanding CONs beyond the local Universe
(Garcia-Bernete et al. 2022a). In particular the MIRI for JWST
(Rieke et al. 2015) will enable the imaging (Wright et al. 2015)
and spectroscopy (Wells et al. 2015) of galaxies between 5 and
28 um.

We found in this work that dilution of the nuclear emis-
sion by relatively unobscured star formation is a challenge for
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identifying CONs with Spitzer. As the JWST provides a nearly
10 times increase in angular resolution, this issue will become
apparent at z ~ 0.5 where the physical scale probed will surpass
that of local galaxies with Spitzer.

Future surveys in the mid-infrared, such as PRIMA
(Glenn et al. 2021), are also important as they will enable analy-
sis of large numbers of these objects at cosmic noon.

6. Conclusions

In this work we have investigated the physical properties of
CONs by decomposing the mid-infrared spectra into nuclear
and star-forming components and evaluated how to identify such
objects using PAH EW ratios. We have made the code publicly
available®. Our main findings are:

— From our spectral decomposition, the optical depth of the
nuclear component at 9.8 um, 7y, is strongly correlated with
the surface brightness of HCN-vib emission at millimetre
wavelengths, suggesting the same physics is responsible for
both observational signatures. This leads to a CON selection
criterion of Ty > 3.5.

— From 7y > 3.5 we find that CONs make up 36*3% of
ULIRGS and 173% of LIRGs, consistent with the results of
CONgquest but with tighter constraints. We find the PAH EW
method classifies fewer CONs, likely due to the low spatial
resolution of Spitzer IRS data; it detects 29f;% of ULIRGs

and 7.73:(3)% of LIRGs as CONs.

— We find that the PAH EW method is robust against false pos-
itives in highly inclined galaxies with strong dust lanes that
can produce high optical depths, whereas using the nuclear
optical depth to select CON sources may falsely select some
objects that are highly inclined.

— From spectra extracted at different spatial scales, we find the
PAH EW ratios move towards the CON selection criterion
with smaller apertures where there is less dilution from the
disc. This suggests that star formation diluting the nucleus is
responsible for the EW ratios underestimating the number of
LIRGs that host CONSs.

We have confirmed that the mid-infrared can be used to effec-
tively select completely obscured nuclei and investigate proper-
ties of the dust. This will allow these objects to be found and
studied beyond the local Universe, where HCN-vib emission is
simply too faint to be detected, even with ALMA. With its high
sensitivity, the JWST will allow us to find and understand these
objects at cosmic noon, where the impact of this powerful but
hidden phase of galaxy evolution can be uncovered.
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Appendix A: Extinction templates

There are absorption features observed between 5.5 - §um
in strongly obscured galaxies, commonly attributed to water
ice absorption at ~ 6um (Spoon et al. 2001) and the defor-
mation mode of aliphatic CH molecules at 6.85 and 7.25um
(Dartois et al. 2007) in addition to the deep silicate absorption
at ~ 9.8um. A theoretical template remains elusive as the molec-
ular composition responsible for this absorption is very complex;
therefore, we follow Spoon et al. (2022) and resort to construct-
ing a template from a heavily obscured source that has very little
PAH emission contaminating the region, namely NGC 4418.
Using Spitzer IRS spectra of NGC 4418, we determine the
local underlying continuum for through a cubic spline interpola-
tion anchored at 5.5, 7.8, 13.0 and 14.5 um. This is shown in the
left panel of Fig. A.1 as a blue dashed line. To extract an optical

255 NGC 4418

Flux (Jy)

14

Rest Wavelength (z1m)

depth, we first mask out any PAH emission or lines before taking
the natural log of the ratio of the spline continuum to the masked
data. This results in the optical depth in the right panel of Fig.
Al

We fitted the optical depth profile with three components,
the ice, CH, and silicates. Spoon et al. (2022) used two Gaussian
profiles centred at 6.85 and 7.25um to represent the CH deforma-
tion mode. However, we find the fit is poor and required broader
wings to fit the optical depth spectrum. Therefore, we fitted two
Drude profiles to the optical depth spectrum instead, which is
shown in the right panel of Fig. A.1 (Lorentzian profiles also
provided a good fit, though the y? was slightly higher). This pro-
vides the template for the CH absorption, while the ice feature is
given by the residuals smoothed to provide a template, shown in
cyan in the figure. The silicate profile is also given by smoothing
the residuals.
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Fig. A.1. Creation of the extinction templates. Left: IRS spectrum of NGC 4418 (black) with the spline-interpolated underlying continuum as
the dashed blue line. The dashed red line shows the spectrum with emission features removed. Right: Optical depth profile using the underlying
continuum, overlaid with the inferred template for water ice (cyan), aliphatic CH absorption (red), and silicates (gold).
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Appendix B: Choice of silicate template

In our analysis we chose to use an empirical template for the
9.8 um silicate absorption feature, derived from NGC 4418 as
described in Appendix A. We chose this source as it is highly
obscured with minimal emission features and is a well studied
CON with strong HCN-vib emission (e.g. Sakamoto et al. 2010).
However, as noted in Sect. 3.2, ground based observations with
a smaller beam find a higher peak optical depth than with Spitzer
IRS, which suggests the template contains some contribution
from the relatively unobscured continuum from circumnuclear
star formation. We therefore test another template derived from
another highly obscured galaxy, IRAS 08572+3915.

The profile for this galaxy is narrower, which suggests less
contamination by any unobscured continuum, consistent with a

8 — - — Ty
4+ NGC 4418 Template 1 R
7 i <+ IRAS 0857243915 Template : 7 _.:
6 LA
1 _g#

Pts
51 2771 7
27 ]
7FL | 27 +
Z, 4 + - 1 - -

] ” 1 /’
,/ ’/

e =4

-7 PRl |
3 - ’/ —’ | —

- ’7"— I

-, = ]

-7 P
b PR :
/’ 1
-
il Ll NPT | Ll

1072 107! 10° 10!

>reN —vib(Lo pe™?)

total absence of emission features. We tested the model using
this template on the CONquest sample and compared the result-
ing decomposition. In Fig. B.1 we compare the measured optical
depths using the IRAS 08572+3915 template in blue to the NGC
4418 template in red. As expected the IRAS 08572 template pro-
duces higher nuclear optical depths requiring more contribution
from the star-forming component to fit the data. Crucially this
is a constant offset in optical depth with the same correlation
found but shifted to higher values. Therefore, the conclusions
of this paper are not strongly affected by the choice of silicate
template.

While this template may be advantageous for future work,
we chose not to use it as this object is not a CON by the HCN-
vib definition.
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Fig. B.1. Comparison of the measured nuclear optical depths of the CONquest sample with different silicate templates. In red are the measured 7y
against the surface density of HCN-vib (left) and HCN-vib luminosity to Lig (right) using the NGC 4418 profile. In blue are the results using the

template from IRAS 08572+3915.

Appendix C: Silicate strength vs. HCN-vib
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Fig. C.1. Same as Fig. 7 but with the apparent silicate strength as calculated by Eq. 6 (red), which shows no trend. The 12.7/11.3 PAH EW ratio is
also shown (blue) against HCN-vib on the right-hand axis of each plot and shows a very weak trend. A comparison with Fig. 7 shows the value in
accounting for the star-forming contribution to properly recover properties of the obscured nucleus.
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Appendix D: Continuum ratios of the spectral mapping sample
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Fig. D.1. Continuum ratios at 12.7 um to 11.3 wm against the 6.2/11.3 continuum ratio for the spectral mapping sample. For each galaxy, values
are coloured by the aperture radius used to extract the spectra; a larger aperture will contain more emission from star formation in the galactic disc.
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F. R. Donnan et al.: A detailed look at the most obscured galactic nuclei in the mid-infrared

Appendix E: Table of spectral properties

Table E.1. Spectral properties of all the galaxies used in this work.

Name EW(6.2/EW(113) EW(I27)/EW(113)  Sg T B HCN (14um) Crystallines?
@) (©)) 3 “ ®) (©) ) ®

2MASS J03574895-1340458  0.92370114 0.588006  _0.462/0%8 . . : i
2MASX J00480675-2848187  0.792-0983 0.350°0031  _1.061%0%%2 . . : i
DMASX J02245768-0414182  1.082+03%¢ 0.538011  _0e61020 . : : i
2MASX J02253645-0500123 1081013 0.505400%2  _0.433*0[06 . : : i
2MASX J05583717-7716393  0.776°0073 04347002 —1402:500 - - . i
JMASX J08182925+3717481  0.973*022 04857007 _0.64170217 . . : i
IMASX J0919273143347270  0.974*01% 04359000 _o725%0182 . . : i
IMASX J1036362146322224  2.325*04% 0470095 _0.444°001T . . i i
IMASX J11182408+5602074 19470319 0.52590%  _0.445°0012 - : : i
IMASX J14081899+2904474 1560258 0.52309%  _0.542:002 . : : i
2MASX J14094683-0820036  1.56601%, 0466058 —0.428'0003 . . : i
IMASX J14255448+3446026  1.405*013, 0.516°9%1  —0.192:0%8 . . : i
IMASX J14520570+3810593  1.0910102 0477000 02210087 . . i i
IMASX J15574349+42727530  1.134*0238 0.386°00%  _0.789+0206 . : : i
2MASX J16070059+5538090  1.706°02%5 0477998 _0.129%00% . : : i
IMASX J16140266+5330358  1.15%0109 0.534992 006900 . : : i
IMASX J1616452145502305  0.735*0119 04731901 _0.589°016 . : v i
JMASX J18003399-0401443  1.283+00% 0.55400%  _0.14°007 . . : i
JMASX J1811384240131397  0.78*0050 0.3329%9  _0861°007 . : : i
2MASX J18324117-3411274  0.575°09!3 0.303+0%07 -1531%0 - - - ]
2MASX J19565118+1633380  0.608*0%%0 03917000 _g752:0011 . . . .
IMASX J21270303+2355456  0.774*0063 0.519799% 03960087 . . : i
DMASX J22382548-1646485 123270128 0.52540%%  —0.17300% . . . .
2MFGC 13321 0.529*0114 04530081 _0.86902%0 . . : i
3C 273 0.396*078 0.730*0.166 0.126*0011 - - . i
AM 0702-601 NED02 0.891+00% 0.51799  _0.686'00% - : : i
Arp 148 0.509"00% 0307901 _1.379+00%7 3.430%0621 ,589+0032 . .
Arp 220 0.3080.016 0.164°0010  _3,078+0020 42374009 () 890000 v I
Arp 256 NEDOI 1.401+008¢ 041670016 _0.624°007 . : i i
Arp 295 B 0.739*094 0306093 —0.919+00% . - - -
Arp236 A* 0.4180011 0.3439007  _p6117007 . ! : i
Arp236 B* 0.904+0065 0.428190%  _0.549°0001 . . : i
Arp299 A’ 0.603+02 02697009 5 412100 395610089 () ggy #0007 i .
Arp299 B* 0.849+0015 0.6350018  _0.874°0003 . . : i
CGCG 011-076 0.446000 03154906 _1,031%00% . . : i
CGCG 052-037 0.782+002 0362002 _0.879+007 . ! : i
CGCG 058-009 0.142+0007 027170016 1798008 4905+038 0,653+0023 : .
CGCG 141-034 0.403+0024 0312001 _1.626"0%% 3.004*02)9 0.638709% . .
CGCG 142-034 0.349°007 0.340°0923  _1.401°0%1 3750%0762 4910056 . -
CGCG 152-070 0.812+011 03784092 _0.507°011 . . i i
CGCG 290-067 0.835°00%1 0.539°0%  _0.515%008% . : : i
CGCG 436-030 0.6600%4 031590018 _1.588:0047 . : : i
CGCG 453-062 0.592+00% 0337902 _1.043°0086 26541097 0.476007! : .
CGCG 465-012 112010312 0.5729%2  _0.101702, - . : i
CGCG 468-002 NED02 0.872+0004 03517002 _1g4%008 . : i
CGCG 468-002 0.353+0028 0.456°09%  —0.12170009 . . . i
CX0 J191431.2-211905 0.576+00% 0325092 _1316*0%%6 2.785%02%9 0.64*00% : .

A87, page 17 of 22



A&A 669, A87 (2023)

Table E.1. continued.
Name EW(6.2/EW(11.3) EW(12.7)/EW(11.3) Ssil ™ B HCN (14pm)  Crystallines?
(1) (2 (3) “4) 5) (6) 7 3
ESO 069-IG 006N 1.269£§:§§§ 0.51 2;§§§ -0.661 zggg - - - -
Botsar s omell ol . . .
. —0.049 : -0.020 ° -0.024
ESO 148-IG 002 1.244+0.032 0.508+0.918 —0.698+0:042 - - - -
+0.015 +0.006 +0.020 +0.071 +0.011
Fs0 221110 e igtec SR B T .
ESO 239-1G002 1.676:0 155 0.504+0043 _0.44270070 - - - -
ESO 244- G 012 NED02 151170112 043370021 07677004 ; ) ) -
0,129 “T92.0.022 -7 0.044
ESO 255-1G 007 NEDO1 2.1 13;5;% 0.469“£§:§i§ —0.300;(3);% - - - -
P esorsicon 1 pocT B - - -
ESO 264-G036 041170014 042870017 0,621 70028 ; ) ) -
ESO 264-G057 0.675-0022 04230022 _0.901+0.0%8 - ] - -
ESO 267-G030 053570011 035370013 _0.6517002 - ) ; -
220019 9220017 210029
ESO 286-G035 0.669%0-031 0.344*0:09 -1.006*927 - - - -
Pl BT e s e
90233 ~29-0.069 272-0.078
ESO 339-G011 0.661*5:027 0.36870018 -0.58+9:032 - - - -
Sowmen  tedh ol Lo R oo
~ ' ;882; 0326;88?3 —1 561188%% 4 589+0,467 0.551 +0.034 B _
]f;(()) 33753-12(2)2302 3'3;213385% 0.102+0.007 430870008 603170086 0 950+0001 ; I
] ar 0018 0.353+0.000 9700 et e . .
]1352?) i%-lzgslg (1).‘3‘37133%g 05727004 0,055+ 008 ; ; ; ;
ESO 453-G005 059570076 03447007 06160107 - - - -
ESO 467-G027 069670023 042870017 0,551 70041 - ; - -
P70 _0.026 1490023 2 10.045
ESO 495- G 021 2.56*0:062 0.399+0.903 -0.15173010 - - - -
+0.052 +0.018 +0.049 +0.371 +0.025
o omtE ol ool ogpdl .
079-0.051 ““70-0.021 ““21-0.041 7170335 ~92-0.030
ESO 602-G025 0.293+0.013 0.267+001, —1.567+002% 342710367 0.64970.923 - -
+0.012 +0.027 +0.066 +0.262 +0.005
o, poi 17 el et SThens 00 _ _
. -0.027 . —0.026 . -0.061 - -0.657 . —-0.033
ESO 557-G002* 0.858+0.073 0.45170:03¢ —0.27470:993 - - - -
sogviam  omlll owlil ool e ey
. —-0.039 . -0.023 . -0.036
IC 0563 0.730+5:985 0.424*9:0%0 —0.80970.05¢ - - - -
co MM Umi GngE s e <
IC 4280 060770017 045970030 _0.5020057 - ; - -
. -0.019 i -0.019 . -0.036
IC 4734 0.555;§;§§§ 0,30425;523 —1.399;%% 273470192 0.629+5:024 - -
o T, piee 1< St - S _ _ _
1C 4687 0070081 0.413+0.0% 0.6480067 . ) . .
. 0007 0.39070.03 —0.83970.069 . . . .
IRA;(i)gll 52—0856 gfgi:ﬁﬁ?é 033370038 23417008 33540221 gs0:0018 ; :
Y_0.018 92°-0.039 O7-0.06 40Y-0.19 O%-0.019
IRAS 00397-1312 0.179+3:02 0.179*008 —2.940700%  4.059%0322  0.8837001% - -
IRAS 03521+0028 0.648+0-132 03447007 —1.20770:138 509072356 0.485+0.0% - I
IRAS 04271+3849 0.577+091 0.357+0014 ~1.181*3029 - - - -
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Table E.1. continued.
Name EW(6.2)/EW(11.3)  EW(12.7)/EW(11.3) S'sil ™ B HCN (14pum)  Crystallines?
€] (2 3) “) ®) 6) @) ®)
IRAS 05083+2441 0.901+003 0.3567051, -0.958+0.9%3 - - - -
IRAS 05129+5128 0.856003 0.342+9022 -1.075+3036 - - - -
+0.086 +0.124 +0.045
RAsossTios  o4ssdBd  oswtE _landl _ _ _
) 455003 0.385+0.046 156070063 . . . .
masoooll  omotth  owsnl Losed - - -
IRAS 07251-0248 010470013 0.11070024 31077009 54280397 83170023 - -
: —-0.012 : —-0.025 . —-0.085 : -0.325 . -0.020
IRAS 07598+6508 1.128j§3§§§ 2.608j§;§§‘§ o.147jgégé§0 - - - -
+0. +0. +0.
masoomois  osuils  omotl  _roedhk . : .
270039 “TOY_0.054 +10Y-0.043
IRAS 10378+1109 0.200+3.938 0.225+04072 -2.2897019%  4.91670%48  0.721%003 - -
IRAS 10565+2448 11387012 043670938 -0.952%0.199 - - - -
IRAS 11095-0238 0.073;§;§(}§ 0.011;§;§§§ —3.764;5%% 5.382;%%’2: 0.925;§;§2§ - I
WAS oot omsh oarh Ciewh sl osodlh .
“19_0.031 “97_0.014 “129_0.035 et 0445 ~IY-0.017
IRAS 13120-5453 0.725+0:042 0.34270013 ~1.554%00% - - v -
IRAS 13451+1232 0.303+0-19¢ 0.65170:1%7 -0.254*0.018 - - - -
IRAS 14348-1447 0.279;§;§§§ 0.167;%“22 —2.066;5%53 3.909;%;32? 0.732;§;§§2 - -
WAStssoonss  ormdlE o1zt ool stk omett .
IRAS 17208-0014 033170038 0.230-0017 197700 48057048 (71950058 ; I
IRAS 17578-0400 0.643-0054 0.27070 01 14550075 g4qq 0 5137000 ; I
V2 _0.061 “"Y_0.016 “1YY_0.073 0443 ~12-0.039
IRAS 18090+0130 0.764j§3§§§ 0.31 1j§;§i§ —0.76’:8(:)8(%6 3.603ﬁ§;§2§ o.43jg(;)g§133 - -
+0. +0. +0. +0).. +0.
WAStoaorois ool oabl Clewdl arcid sl .
. —-0.160 . —-0.048 . —0.154 . -0.918 . —-0.051
IRAS 19542+1110 0.581+0-03 0.36270:038 -0.899+0.9%7 - - - -
IRAS 20087-0308 0.267+0032 0.295+0:032 -2.077+3105  4.570*9928  0.66870:034 - -
IRAS 20100-4156 0.20470-018 0.212+0:0%7 -2.654%00% 4867037, 0.79470010 - -
IRAS 20351+2521 1.027+0:069 0.491+0:022 -0.587+0:9% - - - -
IRAS 21101+5810 13917012 0.320+0:027 -0.926%01%  2.630*0337  0.553700%1 - -
+0.09 +0.024 +0.088 +0.823 +0.036
WAsom0ons  ow0dBl oaodl oawd sl sl .
~77-0.054 ““17-0.031 700,075 -999-0.302 -OV€_0.027
IRAS 23253-5415 0.432+0-047 0.30370.928 —1.584%0.0%0 - - - -
IRAS 23365+3604 0.643+0-068 0.198+0.027 -1.968%0963 2636021,  0.83470.9%0 - -
IRAS 23436+5257 0.779+5:94 0.487+0:023 -0.5069030 - - - -
IRAS F01364-1042 0.605%0198 0.301*5033 -1.8247013 42267071, 0.66870033 - -
IRAS F01417+1651 1.387+0449 0.302+0:93¢ -0.907+0437  3.1590°%7  0.527+0:98 - -
IRAS F02437+2122 0.285+0-033 0.28670:037 -1.82070968 277740480 07417058 - -
IRAS F03217+4022 0.5277003 0.35470:013 -1.238+0.930 - - - -
IRAS F05081+7936 0.828+0.038 0.46270:926 -0.901+0.947 - - - -
IRAS F05187-1017 0.329+0.040 0.313+0:032 —1.74170008 42920595 0.575+0:0%¢ - -
IRAS F05189+2524 0.68570-133 0.741702% -0.320%0.9% - - - -
IRAS F06076-2139 0.5960054 0.3760:934 -1.679709%7 - - - -
IRAS F06592-6313 1.080* 0071 0.44570.021 -0.665%0.9%2 - - - -
IRAS F10173+0828 0.451+0-124 0.199*008 -1.8937018 5341718 0.669*00% - -
IRAS F10565+2448 1.134+0.136 0.43070:933 -0.961+0.9%4 - - - -
IRAS F12112+0305 0.492j§:§§§ 0.232j§;§§ —1.7501§;§2§ 2.93 1j§;§§é 0.683j§;§%§ - -
+0. +0. +0. +0). +0.013
RASFI 1 ooii oamiB oudh sl ol .
. —0.033 . —0.022 . —0.070 : —0.348 . —0.027
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Table E.1. continued.
Name EW(6.2/EW(11.3) EW(12.7)/EW(11.3) Ssil ™ B HCN (14pm)  Crystallines?
(1 ?2) 3) ) (5) ®) ) @)
IRASF14378-3651  0.688%¢15) 03247043 1752097 260510374 0,712+00% : :
IRAS FI6164-0746  0.5567507 03350022 22097700 4836°0857 65210021 - ]
IRAS F16516-0948 0.76070:-04] 0.41070:927 -0.628+0.9%8 . } ; )
IRAS F17138-1017 0.613+0:93 0.352+301, -1.1069037 - - B} i
IRAS FI7207-0014 03317 023170017 19687008 480470420 (71140027 : i
IRAS F18293-3413 0.60070014 0.31870:907 ~1.533+0014 - . i i
IRAS F19297-0406 0.567+0197 0.191+:033 ~1.6977011  4.6907138  0.607+0:948 - -
IRAS F22491-1808 0.6527051 0.178*0424 14700071 4767083 (,656+003 - )
IRAS F23365+3604  0.667 %, 0.207+092) 196410089 260510201 83470033 . ]
M-3-34-63 058870509 041970127 —0.477°0128 : i ] i
MCG 40811002 0336430 0232008 23800 a70sE omeRss - :
MCG +09-27-025 0.749+0-1%1 0.499+0.071 ~0.831+024 - . i i
MCG +10-25-031 0.581*+0077 0.446*0:042 -0.247+0.993 - - . -
MCG -02-33-098 1.108+006 0.435+0012 -0.507+0:047 - - B i
MCG -05-12-006 1.592+70194 0.45270021 -0.24670:933 - - . i
MCGHOS48.002 04210 03347007 -L2NON 3403 040D - :
MCG+12-02-001 1.293+0:032 0.527+301 -0.579*0913 - ) } )
MCG-02-01-051A 0.774;5% 0,403;§;§§§ —0.419;512?2 - - B i
Meouoors Lol owsB ogetl _ _ _
MCG-03-34-064 0.1017005% 0.5267001, 00910003 ) ] ) :
- ! -0.036 . —0.041 : -0.004
Mrk 0231 0.770+5:988 0.547+9122 -0.6897202, - - B i
Mrk 0273 0.409*( 0% 0254003 ~2.061*09% 2883102 (796003, ; ;
Mrk 0331 0.592"0 38 0.297+001% 10307002 2725:0328 (5540029 - -
Mrk 1014 08415153 06447013 0205603, - - - i
Mrk 1490 L116%) 044 041410022 ~0.682+00 i i ] ]
Mrk 938* 0.499+0-043 0.33770.9% -1.569%096,  2.623*0285  0.6397001) - -
NGC 0023 06655 051 041820017 ~0.448+0028 : i ) ]
+0.015 +0.006 +0.021 +0.238 +0.027
NoC 1o 05 e ONSTeen  TM0lgm 200 00%e :
U92-0.03 V0,023 +TY7-0.049
Nocows  omedB owdl  oessl o0t _
50t 0ssob  pacdih _ _ _
Egg 82?2 10 ;95295&‘0916 0.4287005 ~0.266°009% - ] . ]
P Pt B . B _ _ _
NG 09 e olramt Toae _ _ :
NG 1007 hpgpe i I ve - B : : :
NGC 1365 0.419:8:‘1)(1)3 0.520:8:8?3 _0. 1 83:8:83% B ) ) i
T _0.011 ~“Y_0.016 +192-0.023
NGC 1572 1.202;5;%‘2‘: 0.621;§;§§§ —0.327;5%%: - ; . .
Nac 1797 e e TR : : :
NGC 1808 0.696-0013 0.3037000 079670021 ] ) ) ]
NGC 1961 0.147°001" 0.489+0.028 051870051 : ) ) ]
0011 “T97_0.026 ~19.0.046
Nocmn  ore S od _ _ _
1070078 110,025 PV -0.059
NGC 2369° 0654 f) 036788 -1l : - _
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Table E.1. continued.
Name EW(6.2/EW(113) EW(12.7/EW(11.3) Ssil ™ 8 HCN (14pum)  Crystallines?
(1) (2) 3) “4) (5) (6) (7) (8)
NGC 2388 A* 0.661£§:§%§ 0.474z§;§§§ —0.346£§:§§% - - B _
Nocasss osoni ol omolE . _ _
NGC 2623 0.690182833 0'329188%3 —1.860:8:8% 3.06540302  (731+0.032 ) B
: -0.105 . -0.028 : -0.079 . —0.254 . -0.032
NGC 2903 0.877+0:02¢ 0.53070913 -0.31070:0%3 - - - -
NGC 2993 1.529+0.0%3 0.51470.923 -0.0217002 - - - .
METENT BT B D
: -0.141 : —0.053 . -0.071
ezl ol el e
o B B B
NGC 4369 0.643-0017 0.392/0013 _0.362-0026 - - - -
NGC 4385 19217012 0.54670043 _0.079°0047 ) ) ) .
: -0.196 . —0.034 : -0.035
woun g el e oo
: -0.032 : -0.022 . -0.082
NGC 4922* 0.617*0 7 0.530%0 067 -0.519*903¢ - - ; .
Nocas  omsi oo Lisd o1l oswdl _
NGC 5135 052370024 045670023 _oqpproom o ) )
. -0.019 : —0.022 . -0.031
NGC 5257 A* 0.683£§:§§§ 0.504;5;5%‘2’ —0.455;§;§§§ - - B _
Nc 239 oesri et BN | B _ _ _
NGC 5305* 01250016 0.40870.03 0.355700% ] i ] ]
003 061270012 02630018 ] i ] ]
Nac 3607 e ryvee T T, _ _ _
: -0.039 : —0.02 . -0.028
NGC 5643 0.61 1;§§%§ 0.423;§;§% —0.309;§;§§§ - - - y
Nocos o ot sl : _ _
- -0.026 . -0.026 : -0.059
NGC 5936 0.752+0043 0.39270.9%" —0.74270031 - - - .
NGC 5990 0.254;§;§§§ 0.448£§:§i§ —0.639’£§:§§§ . - ; B
e e okl omB : _ _
NGC 6161 125570376 0.456-0.06 066370277 - . } .
. -0.317 . —0.053 : -0.131
Nocemn  oadl ol gy e ST _
NGC 6701 0.52070026 0.350+0017 _0.807-0023 - ) ; .
NGC 6786 A* 0.80670033 05287005 —0.3830016 ] i . )
: -0.036 . -0.026 . -0.016
NGC 6786* 0.931;§;§%§ 0.521;%%2 —0.348;§:§§§ - - - .
Nocems  omori bt B sgmam gspman _
NGC 7130 079270042 0.507+00%6 ooy e e ] ;
NGC 7252 063870032 041970021 04747005 ] } ] .
NGC 7469 097570017 0.451+0006 _0.0530008 . ) ; .
NGC 7552* 0505009 03767002 _0.735+0068 - . } .
50074 0'35418382; _1.038188;2 28181159 ().409+0.104 ) )
N1;2C7579529 L* 8‘322183821 04450023 oqasoa e TR } ;
: -0.062 . -0.027 . -0.047
NGC 7592 B* 0.468+0:017 0.458+0.018 —1.446+0.024 - - - -
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Table E.1. continued.
Name EW(6.2)/EW(11.3)  EW(12.7)/EW(11.3) Ssil ™ B HCN (14um)  Crystallines?
@ @ ()] @) (©) ©) Q) ®
* +0.057 +0.062 +0.012
NGC T74A oomdlh om0l - ! .
NGC 7679 0.962°0017 0.462:5008 ~0.105-0011 - - - -
NGC 7752 A* 0.326-0023 0.544°002 ~0.500:003 . - . .
T4t 036500 _ogoshdl _ _ _
: -0.037 . -0.017 : -0.049 : —-0.505 : -0.039
NVSS 1211129+582307 1.388*0-101 0.319%0:027 -0.932*092  2.586703¢2  0.562%0056 - -
SBS 1132+579 0.817+5:078 0.559+0:948 —0.21245 114 - - - -
SBS 1204+579 0.789’:%% 0.525j§;§§2 —0.228j§:§§1 - - - -
+0. +0. +0.
U6C 01845 o300k oridB leodth ssmed ogetus v _
pre it 028098 _1sses® 3003 oemibe - _
UGc 2608 ol owedl  owpd® T .
: -0.041 : -0.036 . -0.062
UGC 02894 0.8560:031 0.445+0:023 —0.422+0:67 - - - -
UGC 02982 0.5897001 0.3737001, —0.947+0:022 - - - -
+0.02 +0.013 +0.037 +0.527 +0.046
L6C 03341 gt (7] oo s el gl :
~19_0.016 oY1 -0.012 ~P70.045 “OY9_0.205 L1 0.025
UGC 03356 NOTESO1 0.847;§:§§§ 0.379;§:§§ —1.033;%% - - - -
ool S e
<Y 0.097 TV _0.047 Y0116
UGC 03410 o.530;§;§§ 0.356;§:§¥ —0.946’£§:§§§ 29337033, 0.472+0.9%¢ - -
boconel  teedi oasth  ogwits | |
UGC 04438 0.890°0078 0479003 ~0.105-0063 . - . .
*97Y0.004 1170044 VY 0.041
UGC 04881 0.549+5:034 0.389+0.921 ~1.110*30% - - - -
UGC 05101 0.269+0:023 0.4807 0041 —1.44470:0%3 - - - -
UGC 05408 1.57243137 0.390*0-0%¢ —0.13070:0%3 - - - -
UGC 06514 NEDOI 0.568+0.982 0.5390047 -0.395*0113 - - - -
UGC 08335 NED02 1.276* 5073 0.403+5:027 -1.067+0:043 - - - -
UGC 08335 1.053%023, 0.371+5:932 -0.5334%17 - - - -
UGC 08739 0.28170:021 0.2960.92 —1.73570960  4.326*04%2  0.59570.033 - -
UGC 08850 0.099+3-026 0.375+0:051 -0.388*2-003 - - - -
+0.019 +0.017 +0.037
vac 12150 e ol . . .
UGC 2982 1.280-003% 0.445-0013 ~0.205-0022 - - - -
UGC 8387 0.5721882@ 0.25918185 _1.924188}@ 3.50010285 () 705+0.027 . .
) -0.049 : -0.014 ) -0.063 : -0.237 ) -0.03
VII Zw 031 1.544*0-102 0.500*0-016 —0.284*0:036 - - - -
VV 059a 0.48670:033 0.30370914 -1.39270031 570541238 0.53370023 - -
VV 283a 0.476+304, 0.267+0.014 -1.8774307. 3.90870322  0.700%0:024 - -
ZW049.057* 0.459+0-05% 0.278+0.03¢ -1.67910080  4.44470%2  0.519%00, - -

e Column (1): Object Name. Column (2): Ratio of the EW of the 6.2 um PAH to the 11.3 um PAH. Column (3): Ratio of the EW of the 12.7 um
PAH to the 11.3 um PAH. Column (4): Silicate strength according to Eq. (6). Column (5): Nuclear optical depth. Column (6): Nuclear fraction.
Column (7): Detection of HCN (14 um) absorption above 5¢ in low-res Spitzer spectra. Column (8): Detection of Crystalline silicate absorption
from Spoon et al. (2022). Method I selects sources with z < 0.068, s»;3 < 0 and s33 < 0. Method II selects sources with z < 0.257, 5,3 < —0.09 and
533 < —0.02. @ Sources marked * use the innermost aperture from the spectral maps e Values for 7y and § are only shown for 8 > 0.4 and 7y > 2.5
where these values are reliable as discussed in Sect. 3.5. ¢ PAH EW ratios with values lower than the threshold for CON classification are shown
in bold. For those from spectral maps marked as *, the threshold used is the one adjusted for the aperture correction. Optical depths of Ty > 3.5
are also shown in bold.
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