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Abstract

Type 2 quasars (QSO2s) are active galactic nuclei (AGN) seen through a significant amount of dust and gas that obscures the central supermassive black hole and the broad-line region. Here, we present new mid-infrared spectra of the central kiloparsec of five optically selected QSO2s at redshift z ∼ 0.1 obtained with the Medium Resolution Spectrometer module of the Mid-Infrared Instrument (MIRI) aboard the James Webb Space Telescope (JWST). These QSO2s belong to the Quasar Feedback (QSOFEED) sample, and they have bolometric luminosities of log Lbol = 45.5 to 46.0 erg s−1, global star formation rates (SFRs) that place them above the main sequence, and practically identical optical spectra in terms of spectral shape and [OIII] luminosity, but their nuclear mid-infrared spectra exhibit an unexpected diversity in both continua and features. They show 9.7 μm silicate features going from emission (strength of S9.7 = 0.5) to relatively strong absorption (S9.7 = –1.0), and 18 and 23 μm silicates that are either in emission or flat (S18 = [0.2,0.0] and S23 = [0.1,0.0]). In addition, two of the QSO2s show absorption bands of CO, H2O, and aliphatic grains, indicating different levels of nuclear obscuration across the sample. Their [NeV]/[NeII] ratios range from 0.1 to 2.1 and [NeIII]/[NeII] from 1.0 to 3.5, indicating different coronal line and ionizing continuum strengths. They have warm molecular gas masses of 1–4 × 107 M⊙ and warm-to-cold gas mass ratios of 1–2%, with molecular gas excitation likely due to jet-induced shocks in the case of the Teacup (J1430+1339) and to UV heating and/or turbulence in J1509+0434. Finally, they show polycyclic aromatic hydrocarbon (PAH) emission features with equivalent widths ranging from less than 0.002 to 0.075 μm, from which we measure a larger contribution from neutral molecules (PAH 11.3/6.2 = 1.3–3.4) and SFRs ≤ 3–7 M⊙ yr−1. This unprecedented dataset allowed us to start exploring the role of various AGN and galaxy properties, including ionizing continuum, obscuration, electron density, and jet-interstellar medium interactions, in some of the spectral differences listed above. Larger samples observed with JWST/MIRI are now required to fully understand the diversity of QSO2s’ nuclear mid-infrared spectra.

Key words: galaxies: active / galaxies: evolution / galaxies: ISM / galaxies: nuclei / quasars: general


1. Introduction
Type 2 quasars (QSO2s) are optically selected active galactic nuclei (AGN) with L[OIII]>108.3 L⊙ that show permitted emission lines with a full width at half maximum (FWHM) of less than 2000 km s−1 (Zakamska et al. 2003; Reyes et al. 2008). They are the torus-obscured version of type 1 quasars, as revealed by polarimetry data of some QSO2s (Zakamska et al. 2005); however, in some cases, obscuration might also come from galactic scales. Indeed, QSO2s have been proposed to be a dust-embedded phase during which AGN-driven outflows start clearing up gas and dust to eventually become unobscured quasars (Sanders et al. 1988; Hickox et al. 2009), making them ideal laboratories to study AGN feedback using different approaches and observations (Ramos Almeida et al. 2022; Hervella Seoane et al. 2023; Bessiere et al. 2024; Girdhar et al. 2024; Molyneux et al. 2024; Speranza et al. 2024; Ulivi et al. 2024; Zanchettin et al. 2025).
Due to the high obscuration of QSO2s, their mid-infrared spectrum is a powerful tool to probe the ionized and shocked regions lying behind dust clouds and the dusty regions themselves. The 9.7 μm silicate feature strength (S9.7) correlates with AGN type and X-ray gas column density (nH; Shi et al. 2006; Hatziminaoglou et al. 2015), with type 2 (obscured) AGN generally showing it in shallow absorption, and type 1 (unobscured) AGN either in weak emission or absent. However, examples of type 2 AGN with silicate features in emission and type 1 with silicates in shallow absorption have been reported in the literature (Hatziminaoglou et al. 2015; Martínez-Paredes et al. 2020) and constituted one of the motivations for the development of clumpy torus models (see Ramos Almeida & Ricci 2017 for a review). For QSO2s, Zakamska et al. (2008) reported that silicate features were either in absorption or absent in a sample of 12 QSO2s with redshifts between 0.2 and 0.7, which were observed with the InfraRed Spectrograph (IRS) of the Spitzer Space Telescope. In a later work, Zakamska et al. (2016) reported Spitzer/IRS S9.7 measurements ranging between 0.3 and –2.5 (median of −0.30), with negative values corresponding to absorption features, for a sample of 46 type 2 AGN at a median redshift of z = 0.17.
The mid-infrared range also contains emission lines from several ions of different species covering a large range of ionization potentials (IPs), making it possible to characterize the ionization state of the gas and the hardness of the radiation field (Groves et al. 2008; Zakamska et al. 2008). Some of these lines have IPs from ∼100 eV up to 200 eV (e.g., [FeVIII]5.45, [MgVII]5.50, [MgV]5.61, [NeVI]7.65, and [NeV]14.3 μm), which are known as coronal lines. They have always been associated with the presence of AGN because of the energetic radiation field required (Rodríguez-Ardila et al. 2006, 2011; Ramos Almeida et al. 2009a; Müller-Sánchez et al. 2011), although [NeV]14.3 and [NeVI]7.7 have recently been detected in James Webb Space Telescope (JWST) observations of the starburst galaxy M83 (Hernandez et al. 2025). In general, coronal lines are stronger in the nuclear region of active galaxies, but they have been detected up to distances of hundreds of parsecs in radio-quiet AGN (Ramos Almeida et al. 2017; Rodríguez-Ardila & Fonseca-Faria 2020) and of a few kiloparsecs in radio galaxies (Tadhunter et al. 1987, 1988; Worrall et al. 2012). Shocks induced by jet-interstellar medium (ISM) interactions have been proposed as a plausible mechanism to explain their detection on these large scales in both radio-loud and radio-quiet AGN.
Other spectral features of interest in the mid-infrared spectra of QSO2s are the H2 rotational transitions, which probe molecular gas at hundreds of kelvin (Rigopoulou et al. 2002; Dasyra & Combes 2011; Guillard et al. 2012; Togi & Smith 2016; Pereira-Santaella et al. 2022), thus filling the gap between the hot molecular gas traced by the near-infrared ro-vibrational H2 lines (Ramos Almeida et al. 2017, 2019; Speranza et al. 2022) and the cold molecular gas that can be probed with, for example, the carbon monoxide (CO) lines detectable in the millimeter and sub-millimeter regime (Jarvis et al. 2020; Ramos Almeida et al. 2022; Audibert et al. 2023; Molyneux et al. 2024). In AGN and star-forming galaxies, the emission of warm molecular gas is often enhanced by shocks and turbulence (Ogle et al. 2010; Pereira-Santaella et al. 2022; Kristensen et al. 2023; García-Bernete et al. 2024a; Riffel et al. 2025), and thus studying its mass, distribution, and kinematics is key to advance our understanding of jet and wind-ISM interactions, for example.
In addition, several polycyclic aromatic hydrocarbon (PAH) bands are also found in the mid-infrared, and they are commonly used as tracers of star formation (Genzel et al. 1998; Rigopoulou et al. 1999; Shipley et al. 2016). These PAH bands have been detected in the nuclear spectra of nearby Seyfert galaxies up to distances as close as tens of parsecs from the nucleus (Sales et al. 2013; Alonso-Herrero et al. 2014, 2016; Esquej et al. 2014; Esparza-Arredondo et al. 2018; García-Bernete et al. 2022a, 2024a). Nevertheless, it is well known that AGN radiation and shocks can modify the structure of the aromatic molecules and/or destroy the ionized and smaller grains, resulting in the neutral and larger molecules that produce the 11.3 and 17 μm features being enhanced relative to the short-wavelength PAHs (6.2, 7.7, and 8.6 μm; Smith et al. 2007; Diamond-Stanic & Rieke 2010; García-Bernete et al. 2022a, b; Zhang et al. 2022). At quasar luminosities greater than ∼1045 erg s−1, it is not yet clear whether PAH features are suitable as probes of recent star formation, since even the more resilient molecules might be destroyed in the nuclear regions (Xie & Ho 2022; Ramos Almeida et al. 2023).
In this work, we present JWST mid-infrared spectra of the first QSO2s at z < 0.1 observed with the Medium Resolution Spectrometer (MRS; Wells et al. 2015) of the Mid-Infrared Instrument (MIRI; Glasse et al. 2015; Rieke et al. 2015; Wright et al. 2023). This dataset makes it possible to quantify the properties of nuclear gas and dust of QSO2s with unprecedented spatial and spectral resolution and sensitivity, and it has revealed an unexpected diversity of continuum shapes and spectral features. In the following, we assume a cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
2. Sample, observations, and data reduction
The five QSO2s studied here are part of the Quasar Feedback (QSOFEED) sample (Ramos Almeida et al. 2022; Pierce et al. 2023; Bessiere et al. 2024), selected from the Reyes et al. (2008) compilation of narrow-line AGN to have L[OIII]>108.5 L⊙ and redshift of z < 0.14. These five QSO2s have redshifts 0.09 ≤ z ≤ 0.12, bolometric luminosities of log Lbol = 45.5−46.0 erg s−1, radio luminosities of log L1.4GHz = 23.7–24.4 W Hz−1, optical extinctions of AV = 0.6–2.2 mag, and stellar masses of log M* =  10.9–11.3 M⊙ (see Table 1). They have black hole (BH) masses of log MBH∼7.8–8.6 M⊙ and Eddington ratios ranging from log Lbol/LEdd = –1 (J1010 and J1356) to 0 (J1100), with J1430 and J1509 having intermediate values of –0.4 and –0.2 (see Table 1).
Table 1. 
Properties of the QSO2s.

These five targets are representative of the most gas-rich QSO2s in the QSOFEED sample, as they have total molecular gas masses of M[image: equation] = 4–18×109 M⊙ and evidence for cold molecular outflows detected from Atacama Large Millimeter Array (ALMA) CO(2–1) observations (Ramos Almeida et al. 2022; Audibert et al. 2023). As shown in Fig. 1 in Speranza et al. (2024), these QSO2s have the highest AGN luminosities and the most extreme ionized gas kinematics within the QSOFEED sample. The most remarkable differences between these QSO2s are found when looking at the optical and radio morphologies: J1010 and J1430 are early-type galaxies in the pre- and post-coalescence stages of a galaxy interaction, J1356 is an on-going merger, and J1100 and J1509 are seemingly undisturbed spiral galaxies with bars (Ramos Almeida et al. 2022; Pierce et al. 2023). The global SFRs derived from total IR luminosities (see Table 1) place the QSO2s above the star formation main sequence and, in the case of the two spirals, a significant proportion of star formation seems to be in the outer part of spiral arms, as the SFRs derived from spectral synthesis modeling of the optical SDSS spectra (central 3″ ∼ 5–6 kpc) of the QSO2s are significantly smaller, especially in the cases of J1356 and J1509 (see Table 1). At centimeter and/or sub-millimeter wavelengths, the 0.2–0.25″ resolution Very Large Array (VLA) and ALMA data of J1430 and J1509 show extended continuum emission (hundreds of parsecs), whilst J1010, J1100, and J1356 appear compact (Jarvis et al. 2019; Ramos Almeida et al. 2022). On larger spatial scales, J1356 and J1430 show radio emission extending up to several kiloparsecs (Jarvis et al. 2019; Speranza et al. 2024). The five QSO2s are “radio-quiet” but they all show a radio excess that cannot be accounted for by star formation (Jarvis et al. 2019; Ramos Almeida et al. 2022). See Harrison & Ramos Almeida (2024) and Njeri et al. (2025) for further discussion on “radio-AGN” definitions.
The QSO2s were observed from May 2024 to January 2025 with the integral field unit of JWST/MIRI, the MRS, as part of Cycle 2 General Observer (GO) Program 3655 (PI: C. Ramos Almeida; MAST doi:10.17909/8w9h-re72). The total exposure times range from 1.36 to 5.49 hours using FASTR1 reading mode for the brightest target (J1100) and SLOWR1 for the others. We used single pointing and a four-point dither pattern for all the targets and obtained background observations of half the exposure time of the science observations, using a two-point dither pattern. The latter were obtained before their corresponding science target to avoid residual persistence. We refer the reader to the Program Information webpage of Program GO 3655 for further details on the MRS observations.
The MIRI/MRS data cover the spectral range 4.9–28.1 μm, with a spectral resolution of R ∼ 3700–1300 (Labiano et al. 2021; Argyriou et al. 2023). The data are split in four channels that cover the following ranges: [4.9–7.65] μm (Channel 1; hereafter Ch1), [7.51–11.71] μm (Ch2), [11.55–18.02] μm (Ch3), and [17.71–28.1] μm (Ch4). Combining these four channels and the three grating settings available (short, medium, and long), there are 12 different wavelength bands. The angular resolutions measured for these 12 bands range from ∼0.3″ to 0.8″ and the field-of-view (FOV) of the different channels goes from 3.2″ × 3.7″ in Ch1 to 6.6″ × 7.7″ in Ch4 (see Table 1 in Esparza-Arredondo et al. 2025). The data used in this paper were reduced using the JWST Science Calibration Pipeline (v 1.13.4), with the context 1216 for the calibration References Data System (Labiano et al. 2016), adding a few extra steps to better remove hot and dead pixels by applying a mask and interpolating the continuum. The background subtraction was done channel by channel for each science cube using background average spectra generated with the dedicated background observations of each sub-band. We also applied a residual fringe correction to each science spectrum using the script rfc1d-utils. See Pereira-Santaella et al. (2022) and García-Bernete et al. (2024b) for more details on the data reduction.
3. Results
We extracted the nuclear spectra of the QSO2s from all the sub-channels assuming that they are point sources (e.g. ∼0.4″ at 11 μm). We fitted a 2D Gaussian to the nuclear emission of each spectral channel to determine the size of the aperture (from ∼0.3″ to 0.8″ with increasing wavelength), extracted the flux in that aperture, and applied an aperture correction, as described in Appendix A of García-Bernete et al. (2024b). Therefore, considering the range of aperture sizes, at the redshift of the targets (z ∼ 0.1), the nuclear spectra correspond to a physical scale of ∼0.7–1.3 kpc. The spectra of the 12 bands were stitched together to make them coincide in the overlapping regions. Small scaling factors were applied to some of the sub-channels to match their overlapping region with the adjacent, shorter wavelength sub-channel (e.g., we multiplied Ch2m by a factor to match Ch2s). These factors range from f = 0.94 to 1.06 and they were calculated as the ratio of the average fluxes of the overlapping region of two contiguous channels (in the previous example, f = 〈Ch2s〉/〈Ch2m〉).
The diversity of spectral shapes and features shown by the nuclear mid-infrared spectra of these QSO2s is apparent, as it can be seen from Fig. 1. This is at odds with their optical spectra, which are very similar in terms of spectral shape (see Fig. A.1.) and [OIII] luminosity. Nevertheless, some key optical emission line ratios (e.g., HeIIλ4686/Hβ), already indicated differences among them (see Sect. 4.2). In the following subsections we present and analyze various features measured from the nuclear mid-infrared spectra of the QSO2s.
	[image: thumbnail]	Fig. 1. JWST/MIRI nuclear spectra of the central 0.7–1.3 kpc of the QSO2s, scaled in the Y-axis using a multiplicative factor to sort them out according to S9.7 and smoothed using a boxcar of five. For reference, the flux densities at 20 μm measured from these nuclear spectra are 464, 249, 144, 114, and 75 mJy for J1100, J1010, J1430, J1356, and J1509. The amorphous silicate features at 9.7 and 18 μm and the crystalline silicate feature at 23 μm are highlighted with the light orange areas. The most intense emission lines and PAHs are labeled, with the high- and low-ionization atomic lines shown with blue and black dotted lines, molecular lines with red dotted lines, and PAH bands with black dashed lines.



3.1. Silicate features
We quantify the 9.7 μm silicate features detected in the spectra shown in Fig. 1 with their strength, which we define as S9.7 =  ln(F9.7)−ln(Fcont). F9.7 is the peak flux of the silicate feature and Fcont is the corresponding continuum flux at the peak wavelength, calculated from a spline fit of the continuum. We then repeated the same procedure after removing the broad PAH features, which in the case of J1430 and J1509 are strong, using an infrared fitting tool that models the PAH features on top of a continuum generated using a differential extinction model (Donnan et al. 2024). The values of S9.7 before and after PAH removal are reported in Table 2. A negative (positive) value indicates a feature in absorption (emission). In Fig. 2 we show the silicate strength measured for the observed features (i.e., without removing the PAH emission), and the peak wavelengths, which range from 9.1 μm in the case of J1509 to 10.4 μm in J1100. These variations in the peak wavelength are due to different dust composition and/or size (Martínez-Paredes et al. 2020; García-Bernete et al. 2022c; González-Martín et al. 2023; Reyes-Amador et al. 2024).
	[image: thumbnail]	Fig. 2. Silicate feature strength of the QSO2s. The peak wavelengths are indicated with vertical dashed lines of matching colors, which correspond to 10.0 and 10.4 μm for J1010 and J1100 (emission features) and 9.7, 9.7, and 9.1 for J1356, J1430, and J1509 (absorptions). Dotted lines correspond to the masked spectral regions for removing the contribution of PAH features and narrow emission lines.



Table 2. 
Measurements of key spectral features detected in the nuclear spectra of the QSO2s.

In J1010 we observe the strongest silicate emission feature, for which we measure S9.7 = 0.49±0.01, followed by J1100, with S9.7 = 0.11±0.01. These measurements do not change after removing the PAH features (see Table 2). Silicate features in absorption are more common in QSO2s (Zakamska et al. 2016), but since Spitzer/IRS spectra probe larger spatial scales than those studied here, this might be due to increased foreground extinction from the host galaxy (Lacy et al. 2007; Levenson et al. 2007; González-Martín et al. 2013). In the case of J1430 and J1509 we measure S9.7 = –0.29±0.09 and –0.19±0.10 before PAH subtraction (see Fig. 2), and –0.26 and –0.05 afterward, consistent with shallow absorption, more typical of local QSO2s (see Fig. 3; Zakamska et al. 2016). Indeed, J1509 was included in the Spitzer/IRS sample studied by Zakamska et al. (2016), who reported an observed value of S9.7 = –0.26, slightly deeper than the nuclear value measured here from the MIRI spectrum. Finally, the other extreme of the sample is the merging QSO2 J1356, which shows the deepest silicate feature: S9.7 = –1.04±0.02 and –0.95 before and after PAH subtraction. This value is among the deepest silicate features reported by Zakamska et al. (2016), as shown in Fig. 3.
	[image: thumbnail]	Fig. 3. Observed S9.7 versus [NeII] luminosity (left) and [NeIII]/[NeII] (right). The values and upper limits measured from Spitzer/IRS spectra of type 2 AGN (Zakamska et al. 2016) are shown as crosses and arrows, and the values measured for the five QSO2s with MIRI/MRS observations as circles of different colors. The horizontal line at S9.7 = 0 indicates the division between emission (positive) and absorption (negative) features.



We also quantified the strength of the 18 and 23 μm silicate features (S18 and S23) following the same procedure as for S9.7 (see Table 2). In the case of the former, we measured peak wavelengths at ∼17–18 μm, and all the features are in emission, with strengths ranging from S18 = 0.22 (J1010) to 0.06 (J1356 and J1509). The 23 μm band of crystalline silicates (Spoon et al. 2006, 2022) is detected in weak emission in the spectra of J1010, J1100, and J1430, with peak wavelengths at ∼23 μm and strengths of S23 = 0.07–0.1 (see Fig. 1 and Table 2). The strength of this band is correlated with the amorphous silicate strength (e.g., the 9.7 and 18 μm features; Spoon et al. 2022), with J1010 showing the most prominent 23 μm band, followed by J1100 and J1430. In the case of the 18 and 23 μm bands, the change from an emission to an absorption feature happens at higher obscuration than in the case of the 9.7 μm feature because their wavelengths are longer. This might be the reason behind the flat 23 μm bands of J1356 and J1509, and their weak emission 18 μm bands (see below). The 18 and 23 μm bands have been detected in absorption in ultra-luminous infrared galaxies (ULIRGs; Spoon et al. 2006, 2022; Donnan et al. 2023).
The silicate feature strengths that we measure from the nuclear spectra of the QSO2s are indicative of moderate nuclear obscuration, explaining the lack of absorption features including CO, H2O, and aliphatic grains in J1010, J1100, and J1430. These bands are mainly detected in ULIRGs (Spoon et al. 2001, 2022) and obscured Seyfert galaxies (García-Bernete et al. 2024b; González-Martín et al. 2025). On the contrary, in the case of J1356 and J1509, which have the highest nuclear column densities measured from CO together with J1430 (log N[image: equation] 23 cm−2; see Sect. 4.1), we detect the ro-vibrational ∼4.45–4.95 μm CO band (hereafter 4.67 μm CO band), several H2O lines from ∼5.5 to 6.2 μm (García-Bernete et al. 2024c), the ∼5.8–6.2 μm water ice (6 μm water ice), and the 6.85 and 7.25 μm hydrogenated amorphous carbon grains (hereafter aliphatic grains; see Fig. 4 and García-Bernete et al. 2024b). For the water ice we measured peak wavelengths at 6.03 and 5.95 μm and observed strengths of S6 = –0.38±0.01 and –0.15±0.05 for J1356 and J1509, respectively. This band is a mix of water, CO, CO2, and other molecules, and its strength appears to be correlated with X-ray derived column densities (García-Bernete et al. 2024b). All the absorption bands detected in J1356 are deeper than those in J1509, indicating higher nuclear obscuration in the former.
	[image: thumbnail]	Fig. 4. Nuclear spectra of J1356 and J1509, normalized at 5.4 μm. Several absorption features are shown: the ro-vibrational 4.67 μm CO band, H2O lines between ∼5.5 and 6.2 μm, the 6 μm water ice band, and the 6.85 and 7.25 μm aliphatic grain bands. Some of the most prominent H2O lines are indicated with dotted vertical lines.



3.2. High- and low-ionization emission lines
Before fitting the emission lines, we corrected the spectra shown in Fig. 1 from extinction using the Av values reported in Table 1 and the local ISM extinction curve of Chiar & Tielens (2006). These extinction values have a modest impact on the emission lines, except for the case of the rotational line H20-0S(3) because of its proximity to the silicate feature (Pereira-Santaella et al. 2014; Donnan et al. 2024; Davies et al. 2024). We modeled the mid-infrared emission lines with up to three Gaussians and a local continuum, defined as a one-degree polynomial fitted to emission-line free regions of varying size blue- and red-ward of the emission line. Additional kinematic components might be required in some cases, but for the sake of simplicity here we limit them to a maximum of three (see Table 3). A detailed study of the gas kinematics exploiting the integral field capabilities of MIRI/MRS will be the subject of a forthcoming paper.
Table 3. 
Properties of the [NeII]12.8, [NeV]14.3, and H20-0S(5) emission lines derived from the fits with Gaussian components.

We used two Gaussian components to reproduce the majority of the line profiles of the low- and high-ionization atomic lines, which generally correspond to a narrow component of FWHM ∼ 300–400 km s−1 associated with the narrow-line region (NLR) and to a broader, blue- or red-shifted component of FWHM ∼ 900–1600 km s−1, representative of turbulent gas, likely associated with non-circular motions (see Table 3). In the case of J1356, three Gaussian components were necessary to reproduce the atomic lines: two narrow ones of FWHM ∼ 200–360 km s−1 and one broad of FWHM ∼ 1500–1600 km s−1. Similar fits were done for the recombination lines detected in the near-infrared spectrum of this QSO2 (Zanchettin et al. 2025).
From the analysis of optical and near-infrared integral field spectroscopic data of these QSO2s we know that they all have ionized gas outflows detected in [OIII]5007 Å (Harrison et al. 2014; Venturi et al. 2023; Bessiere et al. 2024; Speranza et al. 2024; Ulivi et al. 2024), and in the case of J1356, J1430, and J1509, also in Paα and [SiVI]1.9631 μm (Ramos Almeida et al. 2017, 2019; Zanchettin et al. 2025). The most extreme kinematics detected with JWST/MIRI correspond to J1509, which shows a prominent component of FWHM ∼ 1400–1600 km s−1, blueshifted by 140–220 km s−1 in both the low- and high-ionization atomic emission lines. This is in good agreement with the nuclear kinematics of the coronal line of [SiVI]1.963 (IP = 167 eV) reported by Ramos Almeida et al. (2019) using data from the Gran Telescopio Canarias (GTC; FWHM = 1460 km s−1, vs = –100 km s−1). J1356 also shows a broad component of FWHM ∼ 1500–1600 km s−1, blueshifted by 100 km s−1 in the case of [NeII] and consistent with zero velocity in the case of [NeV]. Zanchettin et al. (2025) reported redshifted Paα and Brγ components of FWHM ∼ 1300–1400 km s−1 and tentative outflow detection in [SiVI] based on the large FWHM of the only Gaussian fitted, of FWHM ∼ 900 km s−1. Finally, for J1430 Ramos Almeida et al. (2017) reported FWHM = 1600 km s−1 and vs = –77 km s−1 for the broad component of [SiVI]1.963 using data from the Very Large Telescope (VLT), which is significantly broader and more blueshifted than the broad components reported here for both the high- and low-ionization atomic lines (see Table 3).
For all the QSO2s but J1356 we find that the FWHM of the broad component of [NeV] is larger than that of the [NeII] line, which could be indicating that the coronal lines probe outflowing gas closer to the AGN. Indeed, there is a well-known correlation between the ionization potential of the emission lines and their FWHM, usually interpreted as a stratification of the line-emitting regions (Rodríguez-Ardila et al. 2004, 2011; Müller-Sánchez et al. 2011).
One of the most striking differences between the spectra of the five QSO2s is the diversity of emission line ratios. The [NeIII]15.6/[NeII]12.8 ratio, which is used to characterize the gas ionization state and radiation field hardness (Groves et al. 2008
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      Table 1. 

      Properties of the QSO2s.

      
        

	SDSS ID
	Short
	SDSS
	Scale
	AV
	log Lbol
	log L1.4GHz
	log MBH
	log[image: equation]
	log M*
	SFR



	
	ID
	z
	(kpc/ ″)
	(mag)
	(erg s−1)
	(W Hz−1)
	(M⊙)
	
	(M⊙)
	(M⊙yr−1)





	J101043.36+061201.4
	J1010
	0.0977
	1.807
	1.1
	45.6
	24.4
	8.4±0.8
	–0.8±0.8
	11.0±0.2
	32
	34



	J110012.39+084616.3
	J1100
	0.1004
	1.851
	0.6
	45.9
	24.2
	7.8±0.4
	0.0±0.5
	11.0±0.2
	36
	13



	J135646.10+102609.0
	J1356
	0.1232
	2.213
	0.9
	45.5
	24.4
	8.6±0.3
	–1.0±0.4
	11.3±0.2
	73
	1



	J143029.88+133912.0
	J1430
	0.0851
	1.597
	0.9
	45.8
	23.7
	8.2±0.4
	–0.4±0.4
	11.2±0.1
	13
	3



	J150904.22+043441.8
	J1509
	0.1115
	2.028
	2.2
	46.0
	23.8
	8.3±0.8
	–0.2±0.8
	10.9±0.3
	36
	3





      

      
Notes. The AV values were measured using Hα/Hβ reported by Kong & Ho (2018), and the extinction law is from Cardelli et al. (1989). The only exception is J1356, whose AV value is unrealistically low (0.1 mag), and therefore we use the value measured from VLT/MUSE data instead, as in Zanchettin et al. (2025). Bolometric luminosities were calculated by applying the correction factor of 474 from Lamastra et al. (2009) to the extinction-corrected [O III]5007 Å luminosities from Kong & Ho (2018), and 1.4 GHz luminosities and stellar masses are from Ramos Almeida et al. (2022). The BH masses and Eddington ratios are from Kong & Ho (2018). The last two columns are the global SFRs derived from total IR luminosities from Ramos Almeida et al. (2022), divided by 0.94 to convert them from a Chabrier to a Kroupa initial mass function, and the SFRs were derived by Bessiere et al. (2024) from spectral synthesis modeling of the SDSS spectra (3″ ∼ 5–6 kpc) shown in Fig. A.1..
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      Fig. 1. 

      
        [image: thumbnail]
      

      
        JWST/MIRI nuclear spectra of the central 0.7–1.3 kpc of the QSO2s, scaled in the Y-axis using a multiplicative factor to sort them out according to S9.7 and smoothed using a boxcar of five. For reference, the flux densities at 20 μm measured from these nuclear spectra are 464, 249, 144, 114, and 75 mJy for J1100, J1010, J1430, J1356, and J1509. The amorphous silicate features at 9.7 and 18 μm and the crystalline silicate feature at 23 μm are highlighted with the light orange areas. The most intense emission lines and PAHs are labeled, with the high- and low-ionization atomic lines shown with blue and black dotted lines, molecular lines with red dotted lines, and PAH bands with black dashed lines.
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      Fig. 2. 

      
        [image: thumbnail]
      

      
        Silicate feature strength of the QSO2s. The peak wavelengths are indicated with vertical dashed lines of matching colors, which correspond to 10.0 and 10.4 μm for J1010 and J1100 (emission features) and 9.7, 9.7, and 9.1 for J1356, J1430, and J1509 (absorptions). Dotted lines correspond to the masked spectral regions for removing the contribution of PAH features and narrow emission lines.
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      Table 2. 

      Measurements of key spectral features detected in the nuclear spectra of the QSO2s.

      
        

	QSO2
	S9.7
	S18
	S23
	[NeIII]15.6/[NeII]12.8
	[NeV]14.3/[NeII]12.8
	H2S(5)/S(1)



	
	Obs.
	No PAH
	Obs.
	Obs.
	
	
	





	J1010
	0.49±0.01
	0.49
	0.22±0.02
	0.10±0.02
	1.02±0.09
	0.11±0.15
	0.40±0.19



	J1100
	0.11±0.01
	0.11
	0.11±0.02
	0.07±0.04
	3.48±0.06
	2.07±0.06
	1.10±0.42



	J1356
	–1.04±0.02
	–0.95
	0.06±0.03
	…
	3.22±0.07
	1.22±0.08
	1.25±0.06



	J1430
	–0.29±0.09
	–0.26
	0.18±0.06
	0.07±0.02
	1.79±0.06
	0.55±0.07
	0.43±0.06



	J1509
	–0.19±0.10
	–0.05
	0.06±0.04
	…
	1.67±0.03
	0.99±0.04
	0.97±0.06





      

      
Notes. Columns 2, 3, 4, and 5 list the 9.7 μm silicate feature strength measured from the spectra before and after subtracting the PAH component, and of the 18 and 23 μm silicate features. Errors of the PAH-subtracted S9.7 are the same as those of the observed S9.7, but do not include the uncertainty associated with PAH subtraction. Columns from 6 to 8 correspond to emission line ratios aimed to characterize the strength and hardness of the ionizing continuum, of the coronal line emission relative to low-IP lines, and molecular gas excitation.
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      Fig. 3. 

      
        [image: thumbnail]
      

      
        Observed S9.7 versus [NeII] luminosity (left) and [NeIII]/[NeII] (right). The values and upper limits measured from Spitzer/IRS spectra of type 2 AGN (Zakamska et al. 2016) are shown as crosses and arrows, and the values measured for the five QSO2s with MIRI/MRS observations as circles of different colors. The horizontal line at S9.7 = 0 indicates the division between emission (positive) and absorption (negative) features.
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      Fig. 5. 

      
        [image: thumbnail]
      

      
        [NeV]/[NeII] versus [NeIII]/[NeII] diagram. The five QSO2s are shown with the same symbols as in Fig. 3, and the six GATOS Seyfert galaxies from Zhang et al. (2024a) are shown as black crosses. The green dashed curve is the AGN photoionization model from Feltre et al. (2016) with gas metallicity Z = 0.017, density of gas cloud nH = 103 cm−3, dust-to-metal mass ratio ξd = 0.3, UV spectral index α = –1.7, and log U varying from –1.5 to –4.5 from top to bottom. Green contours are the full grid of AGN models from Feltre et al. (2016) with Z > 1/3 Z⊙. Purple asterisks are AGN+SF models with 90% of star formation contribution to Hβ, with log U increasing from –3 to 0 from left to right. Brown diamonds are AGN+shocks models with 90% of shock contribution to Hβ, with shock velocity increasing from 200 to 1000 km s−1 counterclockwise, pre-shock density of 100 cm−3, and transverse magnetic field strength  =  1 μG. Adapted from Fig. 5 in Feltre et al. (2023). See also Hermosa Muñoz et al. (2024).

      

    

  

  
    
    Astronomy & Astrophysics
    

  
  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Density-sensitive ratio of [NeV]14.3/24.3 as a function of electron density modeled with PyNeb (version 1.1.19; Luridiana et al. 2015). Solid and dashed lines correspond to electron temperatures of 104 and 2×104 K, respectively. The values of the flux ratio measured from the nuclear spectra are shown as dotted lines of different colors, and the upper limit measured for J1010 as dot-dashed line.
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      Table 4. 

      Density values derived from the [NeV]14.3/24.3 ratio, the optical trans-auroral lines, and the [SII]λλ6716,6731 Å doublet.

      
        

	QSO2
	[NeV]14.3/24.3
	log n[image: equation]
	log n[image: equation]
	log n[image: equation]



	




	
	
	Te = 104 K
	Te = 2×104 K
	
	



	
	
	(cm−3)
	(cm−3)
	(cm−3)
	(cm−3)





	J1010
	>2.89 (*)
	>4.07
	>4.33
	4.58±0.03
	2.95[image: equation]



	J1100
	2.32±0.05
	3.88±0.02
	4.14±0.02
	3.99[image: equation]
	2.92±0.05



	J1356
	1.00±0.30
	2.8[image: equation]
	3.1[image: equation]
	3.21±0.15
	2.49[image: equation]



	J1430
	1.40±0.34
	3.4[image: equation]
	3.7[image: equation]
	3.24[image: equation]
	2.97[image: equation]



	J1509
	1.73±0.13
	3.64[image: equation]
	3.90[image: equation]
	3.41[image: equation]
	2.80[image: equation]





      

      
Notes. [NeV]14.3/24.3 measured from the nuclear mid-infrared spectra and corresponding ne values derived with PyNeb (v 1.1.19; Luridiana et al. 2015) for Te = 104 and 2×104 K. The values measured for J1356 do not have a lower limit on the errors because [NeV]14.3/24.3 = 0.70 does not permit ne to be constrained at those temperatures (see Fig. 6). The last two columns are the ne values derived from the optical trans-auroral ratios (involving [SII]λλ4068,4076 Å, [SII]λλ6716,6731 Å, [OII]λλ3726,3729 Å, and [OII]λλ7319,7331 Å) reported by Speranza et al. (2024) and Bessiere et al. (2024), and from the [SII]λλ6716,6731 Å doublet.

(*) Value of the [NeV] ratio derived from the upper limit at 2σ measured for [NeV]24.3.
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      Table 5. 

      Parameters derived from the rotational diagrams of the QSO2s and from ALMA CO(2–1) observations.

      
        

	QSO2
	Fit
	χ2
	β
	Tw
	[image: equation]
	Mw
	Th
	[image: equation]
	Mh
	[image: equation]
	Warm-to-cold



	
	
	
	
	(K)
	(cm−2)
	(106 M⊙)
	(K)
	(cm−2)
	(106 M⊙)
	(109 M⊙)
	ratio





	J1010
	PL
	7.33
	5.24
	…
	20.60
	10.5
	…
	…
	…
	0.78
	0.013



	
	2T
	0.12
	…
	241
	20.85
	18.6
	1017
	18.38
	0.06
	…
	0.024



	J1100
	PL
	2.48
	4.45
	…
	20.64
	12.0
	…
	…
	…
	0.86
	0.014



	
	2T
	3.54
	…
	288
	20.71
	14.2
	1010
	18.85
	0.20
	…
	0.017



	J1356
	PL
	7.01
	4.33
	…
	20.66
	18.0
	…
	…
	…
	2.05
	0.009



	
	2T
	15.7
	…
	294
	20.58
	15.0
	904
	19.09
	0.49
	…
	0.008



	J1430
	PL
	6.03
	5.20
	…
	21.27
	38.2
	…
	…
	…
	2.21
	0.017



	
	2T
	10.5
	…
	258
	21.30
	41.0
	742
	19.57
	0.76
	…
	0.019



	J1509
	PL
	13.0
	4.53
	…
	20.58
	12.6
	…
	…
	…
	2.40
	0.005



	
	2T
	6.50
	…
	256
	20.78
	20.0
	1107
	18.68
	0.16
	…
	0.008





      

      
Notes. Results from the fit with the single power law temperature distribution (PL), which represents both the hot (h) and warm (w) molecular gas and assumes that the column density follows a power law (dNH∼TβdT), are shown in the same columns as those corresponding to the warm component of the two-temperature (2T) fits. The column densities correspond to average values within the PSF radius and they should be considered as lower limits. The last two columns correspond to the mass of molecular gas measured in the central kiloparsec of the QSO2s (r = 0.5 kpc for J1100, J1356, J1430, and J1509 and r = 0.7 kpc for J1010), calculated from the CO(2–1) ALMA observations presented in Ramos Almeida et al. (2022) and assuming R21 = 1 and αCO = 4.35 M⊙(K km s−1 pc2)−1, and the corresponding warm-to-cold gas mass ratio.
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      Table 6. 

      Polycyclic aromatic hydrocarbon luminosities and equivalent widths integrated over a local continuum and nuclear gas column density.

      
        

	QSO2
	PAH6.2
	PAH11.3
	PAH11.3/6.2
	PAH6.2/S(1)
	log N[image: equation]



	
	L6.2
	EW6.2
	L11.3
	EW11.3
	SFR11.3
	
	
	



	
	(1042 erg s−1)
	(μm)
	(1042 erg s−1)
	(μm)
	(M⊙ yr−1)
	
	
	(cm−2)





	J1010
	0.80±0.09
	0.010±0.002
	2.70±0.36
	0.026±0.003
	7±1
	3.4±0.5
	8.8±0.3
	22.3



	J1100
	<0.80
	<0.003
	<0.44
	<0.002
	<1.0
	…
	<8.2
	22.5



	J1356
	0.99±0.06
	0.016±0.003
	1.29±0.08
	0.037±0.002
	3.1±0.2
	1.3±0.3
	6.9±0.2
	22.9



	J1430
	1.19±0.07
	0.026±0.001
	2.40±0.15
	0.066±0.003
	6.0±0.4
	2.0±0.2
	5.1±0.2
	22.9



	J1509
	1.60±0.08
	0.056±0.003
	2.60±0.14
	0.075±0.002
	6.7±0.4
	1.6±0.2
	13.2±0.1
	23.0



	J1509IRS
	7.21
	…
	8.02
	…
	21.8
	1.11
	…
	…





      

      
Notes. Luminosities include a multiplicative factor of two to make them comparable with PAHFIT-derived measurements (Smith et al. 2007), and they are extinction-corrected. The last row corresponds to the measurements from the Spitzer/IRS spectrum of J1509 reported by Zakamska et al. (2016), with the luminosities multiplied by two. Upper limits at 3σ are indicated with the “<” symbol for non-detections. The SFRs listed in column 6 are calculated from L11.3 μm following Eq. (12) in Shipley et al. (2016), which uses a Kroupa initial mass function. Columns 7 and 8 correspond to the 11.3/6.2 μm PAH and 6.2 μm PAH/H20-S(1) flux ratios, and they do not include the multiplicative factor of two. Column 9 is the gas column density measured from the ALMA CO(2–1) observations studied in Ramos Almeida et al. (2022) using a radius of 0.4″ from the continuum peak to measure the flux, Eq. (1) in Bolatto et al. (2013), and assuming R21 = 1 and XCO = 2 × 1020 cm−2.
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      Fig. A.1. 

      
        [image: thumbnail]
      

      
        SDSS optical spectra of the central 3″ of the QSO2s (∼5-6 kpc at z = 0.09-0.12). The spectra have been scaled in the Y-axis using a multiplicative factor to better show the spectral features and the color code is the same as in Fig. 1. The most intense emission line features are labeled and their wavelengths are indicated with dotted lines: green for the permitted lines and black from the forbidden ones.
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      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Continuum-subtracted spectrum of J1010 around the Hβ (left panel) Hα+[NII] emission line complex (right panel), both normalized to the peak of the recombination line, respectively. The vertical dotted lines correspond to the rest-frame wavelength of Hβ and Hα.
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      Table A.1. 

      Main properties of the Hβ, [OIII], and Hα+[NII] fits from the continuum-subtracted SDSS spectra of J1010, shown in the bottom-right panel of Fig. A.3..

      
        

	Line
	FWHM
	vs
	Line flux × 1015



	
	(km s−1)
	(km s−1)
	(erg cm−2 s−1)





	Hβ
	
	
	



	(n)
	300±60
	50±50
	1.6±0.4



	(n)
	200±100
	-160±40
	0.5±0.4



	(i)
	800±100
	-50±20
	5.0±1.0



	(b)
	2300±150
	-380±80
	5.0±1.0



	




	[OIII]
	
	
	



	(n)
	350±20
	70±10
	13±1



	(n)
	250±20
	-180±20
	3±1



	(i)
	1000±40
	-10±5
	39±2



	(b)
	2300±150
	-15±20
	24±4



	




	[NII]
	
	
	



	(n)
	350
	70
	7.1±0.1



	(n)
	250
	-180
	1.5±0.2



	(i)
	1000
	-10
	8.2±0.5



	(b)
	2300
	-15
	5.4±0.4



	




	Hα
	
	
	



	(n)
	300
	50
	7.1±0.1



	(n)
	200
	-160
	2.0±0.1



	(i)
	800
	-50
	18±1



	(b)
	2300
	-380
	22±2



	(b)
	3400±100
	-1000±70
	24±2





      

      
Notes. Measurements without errors correspond to parameters that have been fixed. The columns report the FWHM, the velocity shift (vs), and the integrated flux obtained from the fits with several Gaussian components including narrow (n), intermediate (i), and broad (b). Velocity shifts are relative to the systemic velocity, calculated from the flux weighted wavelength between the two narrow [OIII] peaks, as in Speranza et al. (2024).
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      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Rotational diagrams of the nuclear region of the QSO2s. The red and green solid lines correspond to the fits with a single power-law (PL) and a two-temperature (2T) model, respectively. The green dashed lines correspond to the warm (T<500 K) and hot (T>500 K) components of the 2T model.
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      Table B.1. 

      Luminosities and kinematics of the H2 lines.

      
        

	Line
	L[image: equation]
	FWHM
	vs
	L[image: equation]
	FWHM
	vs



	
	(1040 erg s−1)
	(km s−1)
	(km s−1)
	(1040 erg s−1)
	(km s−1)
	(km s−1)





	
	J1010
	J1100



	




	S5
	1.82±0.12
	341±26
	-26 ± 11
	5.30±0.55
	511±58
	-7 ± 25



	S4
	0.59±0.12
	328±69
	53 ± 32
	2.62±0.56
	512±102
	32 ± 60



	S3
	1.79±0.20
	288±41
	29 ± 17
	5.08±0.48
	533±57
	72 ± 23



	S2
	1.04±0.34
	277±116
	-105
	3.00±0.58
	327±66
	-54 ± 33



	S1
	4.52±0.56
	505±66
	-6 ± 27
	4.87±1.53
	351±135
	-38 ± 58



	




	
	J1356
	J1430



	




	S5
	8.98±0.17
	466 ± 9
	-10 ± 4
	5.00±0.09
	500±10
	20±4



	S4
	5.17±0.23
	565 ± 30
	2 ± 12
	3.50±0.12
	594±20
	31±8



	S3
	8.79±0.10
	507 ± 6
	-8 ± 3
	8.16±0.09
	557±6
	0±3



	S2
	4.39±0.20
	573 ± 31
	-28 ± 12
	4.89±0.21
	536±26
	58±11



	S1
	7.17±0.31
	604 ± 31
	-11 ± 12
	11.7±0.44
	484±20
	16±9



	




	
	J1509
	



	




	S5
	5.91±0.16
	394±12
	25 ± 5
	
	
	



	S4
	2.42±0.13
	415±30
	32 ± 10
	
	
	



	S3
	4.08±0.08
	361±8
	3 ± 3
	
	
	



	S2
	2.21±0.11
	309±17
	-5 ± 8
	
	
	



	S1
	6.07±0.22
	313±14
	8 ± 6
	
	
	





      

      
Notes. Same as in Table 3, but for the H2 0-0S(1), S(2), S(3), S(4), and S(5) emission lines detected in the nuclear MIRI/MRS spectra of the QSO2s, corrected from extinction.
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