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ABSTRACT

We present JWST NIRSpec and MIRI MRS observations of the central kiloparsec of M58 (NGC4579), a nearby galaxy hosting
a low-luminosity AGN (LLAGN; Ly, ~ 10¥ ergs™') with a low-power jet. These data provide an unprecedented view of the warm
molecular gas phase and reveal clear signatures of feedback. We detect 44 H, lines, including bright pure rotational lines (S(1)-S(18))
and rovibrational lines up to v =2, probing a wide range of excitation conditions. Excitation diagrams show that rotational lines follow
a power-law temperature distribution with an exponential cutoff, consistent with heating by low-velocity shocks. H, rovibrational
lines deviate from thermal models primarily because of sub-thermal excitation at low density. Additionally, there may be a 10%
contribution powered by AGN X-ray photons in the nucleus. The dust lanes associated with the spiral inflow appear dynamically
undisturbed but show signs of shock heating, while the inner ~200 pc exhibits turbulent kinematics produced by outflowing molecular
gas. These results reveal the subtle yet measurable impact of LLAGN feedback on the interstellar medium, demonstrating that even
weak, vertically oriented jets and low radiative accretion rates can perturb molecular gas and regulate nuclear reservoirs. This study
highlights JWST’s transformative ability to uncover hidden modes of AGN feedback.
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1. Introduction

Molecular hydrogen (H;), the most abundant molecule in the
Universe, is paradoxically difficult to observe directly. As a
homonuclear diatomic molecule, it lacks a permanent dipole
moment, and its quadrupolar rotational and vibrational transi-
tions are intrinsically weak. These lines arise only when the
gas is warm (~200-5000 K) but not yet dissociated. Diagnostic
ratios of pure rotational and rovibrational transitions offer sensi-
tive probes of excitation mechanisms, offering insights into the
interplay between the interstellar medium (ISM), star formation
(SF), and black hole activity (e.g., Mouri 1994; Roussel et al.
2007).

In active galactic nuclei (AGN), black hole accretion drives
complex feedback that affects the ISM of the host galaxy
(e.g., Harrison & Ramos Almeida 2024). In high-accretion sys-
tems, luminous AGN emit intense radiation producing ion-
ization cones and extended outflows (e.g., Cicone et al. 2014;
Brusa et al. 2018). Conversely, low-accretion AGN can show

* Corresponding author: ivan.lopez@inaf.it

collimated jets or slower winds that mechanically interact with
the ISM (e.g., Morganti et al. 2005; Heckman & Best 2014).
These radiative and kinetic feedback modes are critical compo-
nents of cosmological simulations, which require AGN feedback
to regulate SF and reproduce black hole—galaxy scaling relations
(for a review, see Somerville & Davé 2015).

Outflows driven by AGN are observed to be multiphase
from ionized to cold molecular components. Yet, whether
this feedback quenches or triggers SF remains debated. Some
AGN hosts show suppressed SF or gas depletion (e.g.,
Lammers et al. 2023; Bertola et al. 2024; Garcia-Burillo et al.
2024), while others lie on or above the main sequence (e.g.,
Mullaney et al. 2012; Jarvis et al. 2020). Further complicating
the picture, radiative and mechanical feedback can act simul-
taneously (e.g., Harrison et al. 2015), and their impact can
vary spatially and temporally within the same galaxy (e.g.,
Bessiere & Ramos Almeida 2022).

When AGN inject mechanical energy into the ISM, they
dominate the excitation of molecular gas. H, lines thereby
become the most luminous mid-IR features, as seen in Stephan’s
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Fig. 1. Left: Composite image showing F200W (blue; stellar continuum), continuum-subtracted H, 1- S(1) from F212N (green), and F770W (red;
tracing PAH 7.7 um emission). The LOFAR 144 MHz radio contours are overlaid. The NIRSpec and MIRI Channel 4 fields of view are shown
with cyan and yellow dashed lines, respectively. Right: Zoom-in highlighting warm molecular gas traced by H, S(9) (green), S(1) (red), and CO
2-1 (blue). Overlaid contours are C band from VLA (white) and MERLIN (black). Key regions are labeled, including the northern and southern
dust lanes as well as shocked regions to the northeast and southwest. Physical scale bars are shown in both panels.

Quintet (Appleton et al. 2006, 2023). In radio-loud AGN, Spitzer
revealed a population of molecular hydrogen emission galaxies
(MOHEGS), where warm H, emission is bright, extended, and
decoupled from SF (Ogle et al. 2007, 2010). These galaxies show
extreme Hj to polycyclic aromatic hydrocarbon (PAH) ratios indi-
cating shock excitation rather than UV heating. The most plausi-
ble driver is mechanical heating from jets, possibly aided by cos-
mic rays, while X-ray dissociation regions (XDRs) fall short of
explaining the observed emission (Ogle et al. 2010).

Low-luminosity AGN (LLAGN; Ly < 10%2 erg s7h), includ-
ing low-ionization nuclear emission-line regions (LINERs) and
weak Seyferts, are typically powered by radiatively inefficient
accretion flows (RIAFs), such as advection-dominated accre-
tion flows (ADAFs) or truncated thin disks (for a review, see
Yuan & Narayan 2014). These flows emit little UV radiation
but can launch powerful megaparsec-scale jets that affect the
intergalactic medium, down to low-power radio jets (Pje ~
10*2-10* ergs™!) confined to galactic scales (e.g., Baldi et al.
2018; Mingo et al. 2019; Pierce et al. 2020; Baldi et al. 2021;
Webster et al. 2021). These jets interact with the ISM, driv-
ing shocks that excite the gas (e.g., Guillard et al. 2012).
Low-luminosity AGN with low-power radio jets are valu-
able laboratories for studying gentle, long-lived feedback (e.g.,
Sabater et al. 2019; Kharb & Silpa 2023; Ulivi et al. 2024).
Though they lack the dramatic outflows of quasars and pow-
erful radio galaxies, LLAGN dominate the local AGN popula-
tion and account for most of a black hole’s lifetime (Ho 2008;
Novak et al. 2011; Burke et al. 2025). Often dismissed as neg-
ligible (Shin et al. 2019), growing evidence suggests that they
can drive turbulence and inflate radio bubbles, shocking the
multiphase gas on kiloparsec scales (e.g., Alatalo et al. 2011;
Mezcua & Prieto 2014; Goold et al. 2024).

Messier 58 (NGC4579) illustrates the impact of low-power
jet feedback on a nearby galaxy. Located in the Virgo Cluster
at 21 Mpc, it hosts a LINER nucleus (Balmaverde et al. 2016)
powered by an ADAF (Nemmen et al. 2014), which launches a

radio jet with an estimated kinetic power of ~2 x 10% ergs™!,
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derived from its 1.4 GHz luminosity (S, =1.4 x 10* ergs™")
and the relation by Cavagnolo et al. (2010). Spitzer IRS obser-
vations revealed a bright warm H, disk extending ~2.6 kpc
(Ogle et al. 2024, hereafter 024). CO observations show dis-
rupted molecular gas lanes spiraling inward toward the nucleus
(Garcia-Burillo et al. 2009, hereafter GB09), and Gemini near-
IR imaging shows that warm H, emission is bright along
these lanes. Central H, line ratios indicate thermal excitation
(Mazzalay et al. 2013). Jet-driven heating is consistent with sim-
ulations where a low-power jet perpendicular to the disk inflates
a hot bubble into the ISM (Mukherjee et al. 2016, 2018), driv-
ing shocks and exciting H, as it interacts with dust lanes. The
resulting cocoon extends over kiloparsec scales and coincides
with suppressed SF (024).

The proximity of M58 makes it a prototypical system
for studying LLAGN feedback, particularly in the context of
MOHEGSs. We were awarded a comprehensive JWST program
totaling ~17 hours with NIRCam, NIRSpec, and MIRI to dis-
sect jet—SM interactions and construct a multiphase view in this
galaxy. JWST’s unprecedented spatial and spectral resolution
enables detailed probing of the influence of both jet and ADAF.
This paper focus on the excitation and dynamics of warm H,
emission, setting the stage for a deeper understanding of LLAGN
feedback. Companion papers will address the ionized gas and
PAH emission, completing the multiphase picture.

Throughout this work, we adopt a distance of 21 Mpc based
on SN 1989M (Ruiz-Lapuente 1996). All maps are shown with
north up and east to the left. We use the notation vyp—view X(Jiow)
for H, lines, where v and J denote the vibrational and rotational
quantum numbers and X indicates the branch (S, Q, or O). Pure
rotational lines are denoted simply as S(Jjow)-

2. Observations and data analysis

M58 was observed with JWST in June 2024 as part of program
3671 (PI: LE. Lépez), using the full suite of instruments. JWST
integral field units (IFU) observations were carried out as 2 X
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2 mosaics with NIRSpec and MIRI MRS. Figure 1 shows an
overview of the galaxy with the IFU footprints. NIRSpec obser-
vations used the G235H F170LP and G395H F290LP grating
and filter pairs, covering 1.66—.27 um, with each mosaic includ-
ing two sets of four-point medium cycling dithers, totaling 31
minutes of integration per grating. MIRI MRS data observations
cover 5-8 um and used a four-point dither pattern in slow read-
out mode, with 1.6 hours total integration, including dedicated
background frames. Imaging observations with NIRCam and
the MIRI Imager used a combination of narrow-, medium-, and
broad-band filters (F200W, F212N, F300M, F335M, F770W,
F1000W, F1130W, and F1280W) to trace stellar, H,, and dust
emission, providing a broader morphological context and sup-
porting astrometric correction of the IFU data.

Reduction of the datasets followed the JWST Science Cal-
ibration Pipeline, with instrument-specific customizations. Full
details on data reduction and correction for noise sampling fea-
tures and fringing are provided in Appendix A. Spectral fitting
was performed via multicomponent spaxel modeling, detailed in
Appendix B. The velocity center adopted throughout the analy-
sis corresponds to the redshift of the source (vpe; = 1518 km s7h.

We used archival MERLIN and VLA C-band (Project ID
20A-272, PI: Ogle) observations to trace the radio structure. The
MERLIN map reveals an unresolved 5 GHz core with a flux den-
sity of 40+2 mJy beam™! and a fainter component (2.4 + 0.5 mJy
beam™!). VLA B-configuration imaging shows a jet-like exten-
sion on arc second scales, consistent with previous VLA maps
(Ho & Ulvestad 2001). Together, the radio data indicate a jet
inclined by ~56° from the plane of the sky. Details of the data
reduction are provided in Appendix A. Recent LOFAR 144 MHz
observations reveal a large-scale swirling feature, in a counter-
clockwise direction and opposite to that of the spiral arms, cor-
responding to the extended jet structure (Edler et al. 2023).

Ultraviolet imaging was obtained with HST, using the
ACS/HRC F250W filter (Program ID 9454; PI: Maoz). We com-
bined two exposures and applied an astrometric correction of
072 to align the UV core with the MERLIN radio continuum, as
the astrometry was limited primarily by guide star uncertainties.
The UV morphology reveals a ring-shaped structure interpreted
as an ultracompact nuclear ring of young stars with a radius of
~150pc (Comerén et al. 2008). We also used Spitzer IRS maps
of the H, S(3) line from 024 and CO(2-1) observations from the
Plateau de Bure Interferometer (PdBI) presented by GB09.

3. Results

JWST probes the inner kiloparsecs of M58 with unprecedented
detail (Fig. 1). The PAH 7.7 um emission traces the dusty spi-
ral arms and the inner dust disk. NIRCam F200W imaging maps
the old stellar population as a smooth continuum aligned with a
~ 8 kpc bar and decoupled from the inner dust disk. The F212N
narrowband show the H, 1-0 S(1) rovibrational emission con-
fined to the inner 2.6 kpc and consistent with O24. The IFU data
cover the central 0.7-1.2 kpc and trace the molecular phase of
the ISM around the AGN. Two main dust lanes to the north and
south dominate the H, emission, converging toward the nucleus,
in agreement with absorption seen in HST optical images and
CO morphology (024). Closer to the AGN, two regions show
enhanced H, emission: one in the northeast (NE) at ~100 pc and
another in the southwest (SW), partially overlapping the nucleus.

The nuclear spectrum (Fig. 2), extracted within a 1” aper-
ture (=100 pc), is dominated by a strong mid-IR continuum and
exhibits two prominent silicate emission features (9—13 um and
15-19 um). Although the bright continuum partially masks the

PAH bands, the 11.3 um feature is clearly detected. Strong lines
from ionized species ([Ne V], [Ar11], [Fe11]) and numerous H,
transitions (pure rotational and high-v rovibrational lines) indi-
cate a mix of photoionization and mechanical heating. Circum-
nuclear spectra, extracted from a ring between 1" and 3", show
that both H, rotational lines and low-ionization lines ([ArII],
[Fe1r], [Ne1], and [S 111]) are strong. The CO absorption bands
are also detected across the field. A list of all detected H, lines
for the different regions is given in Table C.1.

Moment maps (Fig. 3) show that H, emission follows the
dust lanes, except for very high-excitation transitions (e.g.,
v =2). The low-ionization line [ArII] extends within the inner
200 pc and peaks at the AGN. The high-ionization line [NeV]
is confined to ~100 pc and displays distinct kinematics. The
enhanced mid-J H, emission (e.g., S(5)) relative to lower-J lines
(e.g., S(1)) is consistent with O24. However, the presence of
higher vibrational levels within <100pc of the AGN suggests
that additional excitation sources may contribute (see Section 4).
The velocity fields of low-ionization lines and H, appear broadly
consistent, with a +200kms~! difference between the northern
and southern lanes. While this may suggest rotation, caution
is advised due to noncircular motions driven by the stellar bar
(GB09). Nevertheless, the lanes show low velocity dispersion as
expected for rotation, whereas the nucleus reaches several hun-
dred kms~!. Tonized and high-excitation H, lines show elevated
dispersions in the nucleus and NE.

The NIRSpec channel maps of the H, 1-0 S(1) and H, S(9)
transitions (Fig. 4) show that the two main dust lanes (north and
south) appear in a limited number of bins, with reduced veloc-
ity dispersion, consistent with a rotating disk. The northern lane
spans —300 to —100 km s~!, while a southern bridge connecting
the nucleus to the southern lane appears between —200 and —100
kms~!. The main southern lane itself spans from —100 to +200
kms~'. The NE feature is strongest at —500 km s~! and persists
up to +200 kms~!. The AGN nucleus emits across nearly all
bins, showing high velocity dispersion and indicating broad, tur-
bulent motions. The emission shows a complex morphology: it
starts as a vertical column between —500 and =300 km s, takes
on a curved arc shape across most bins, and eventually splits into
two lobes at its outer edges above +200 kms™!.

We do not find any strong alignment of velocity features
with the jet axis, implying that the jet propagates largely out of
the disk plane and has limited direct impact on the molecular
disk. However, the systematic detection of NE and SW emis-
sion across many velocity channels, and across all H; transitions
from low to high excitation, points to the presence of an ongoing
shock front roughly perpendicular to the jet axis, likely driven
by a bubble inflated by the radio jet. Finally, while outflows are
proposed in GB09 and 024, we detect no high-velocity flows
(v > 600 kms~!) in either the molecular or ionized gas. Nonethe-
less, modest outflow velocities are examined in Section 5.

4. H, excitation

Warm H, in galaxy centers can arise from a variety of excitation
mechanisms. In this section, we use spatially resolved diagnos-
tics, excitation modeling, and multiwavelength context to con-
strain the dominant heating mechanisms and its origin.

4.1. Pure rotational H, lines

Previous work by O24 showed that the ionized gas in M58’s
nucleus is shock-excited, with shock velocities of 170-440
km s~!. Warm molecular gas was inferred to be similarly heated
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Fig. 2. JWST spectra for the nucleus (blue) and for a circumnuclear region (red). lonic emission lines are indicated by vertical blue lines. The PAH
features and Hj lines are marked along the bottom of each panel. The circumnuclear region exhibits strong PAH emission, pure rotational H,, and
low-excitation ionized lines. In contrast, the nuclear spectrum shows prominent high-ionization lines, relatively stronger H, rovibrational lines,
and two silicate features at 10 um and 17 um. Shaded-gray regions indicate gaps in the NIRSpec instrument.

based on an elevated H,/PAH ratio. While such a ratio is use-
ful in integrated analyses, H, and PAHs often arise from distinct
regions. However, spatial variations in the ratio can still reveal
where one emission dominates (e.g., Garcia-Bernete et al. 2024).
With JWST’s improved spatial and spectral resolution, we use
more physically motivated diagnostics.

We adopted the S(3)/S(1) ratio as our primary tracer of exci-
tation (Fig. 5), due to its sensitivity to temperature and weak
dependence on extinction (Lambrides et al. 2019). Since S(3)
arises from a higher energy level than S(1), the ratio steeply
increases with temperature. In typical SF regions as M58’s spi-
ral arms, S(3)/S(1) is approximately 0.6 (024), while in the
photodissociation regions (PDRs) of the Orion molecular cloud
(OMO), it averages 1.36 (Van De Putte et al. 2024). We find
S(3)/S(1) > 1.5 along the dust lanes and up to ~5 near the AGN,
forming NE-SW lobes roughly perpendicular to the jet. To probe
hotter gas, we used S(9)/S(5) and S(13)/S(7). These ratios range
from 0.1-0.3 in the dust lanes and increase to 0.3-0.5 in the
lobes. The nucleus indicates that S(13)/S(7) is approximately
0.25-0.30, spatially confined within ~20 pc of the AGN, and the
NE lobe has lower values. In S(9)/S(5), the NE lobe traces a clear
arc of enhanced excitation, marginally seen in S(13)/S(7).

We compare these results to C-and J-type shock models
from Kristensen et al. (2023), adopting pre-shock densities of
ng = 10>-103 cm™ and a magnetic field strength of B =30 uG,
consistent with O24. The external UV radiation field Gy spans a
wide range of conditions (1-100), from diffuse clouds to shocked
extragalactic environments (Wakelam et al. 2017). Only C-type
shocks are able to reproduce the observed H, line ratios, that pri-
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marily depend on shock velocity and density, with only minor
sensitivity to external parameters such as Gy or cosmic-ray
ionization rates (Fig. 6). The S(3)/S(1) ratio increases steeply
with shock velocity across the entire range of parameters. The
S(9)/S(5) and S(13)/S(7) ratios match the observed values at low
velocities ($10-30kms™!) in all regions and at higher velocities
(=50 km s‘l) only in the dust lanes. Taken together, these trends
consistently point to low-velocity C-type shocks in relatively
low-density gas as the dominant H, excitation mechanism. Alter-
native mechanisms such as UV pumping preferentially enhance
vibrational lines and have minimal impact on low-level v = 0
lines such as S(3). Likewise, variations in the H, cosmic-ray
ionization rate have negligible effect. We further discuss these
alternatives for rovibrational excitation in Section 4.4.

4.2. Ortho-to-para ratio

Figure 5 also overlays contours of the H, ortho-to-para ratio
(OPR), defined as the ratio of ortho-H; (odd rotational levels,
J = 1,3,5,...) to para-H; (even levels, J = 0,2,4,...). We
derive the OPR directly from the measured column densities of
the ortho transitions (S(1)-S(7)) and the para transitions (S(2)—
S(8)) and report it for regions where all eight rotational lines
are detected, ensuring a good sampling across a wide tempera-
ture range. However, the absence of S(0) in the JWST coverage
reduces our sensitivity to any very cold, para-rich reservoir.

In local thermodynamic equilibrium (LTE) at 7 >200K,
proton-exchange reactions drive the OPR toward 3
(Reeves & Harteck 1979). Across most of the inner kiloparsec,
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dashed and dotted gray lines indicate the jet axis and the galaxy’s major axis, respectively. A black x marker indicates the AGN radio core.
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Fig. 4. NIRSpec channel maps, illustrating both rotational and rovibrational kinematics. Top row: H, 1-0 S(1); Bottom row: H, S(9). Each column
corresponds to a velocity bin (from —500 to +500 km s™!). A dashed white line represents the jet axis. Both transitions trace the dust lanes between
-300 to +200 km s~!, compatible with rotation. The NE feature, strongest at —500 km s~! and persisting to +200 km s, is identified as the forward
shock front. The overall lack of alignment with the jet axis suggests the jet passes outside the disk plane.

we measure OPR values consistent with this equilibrium, These regions also exhibit disturbed kinematics (Fig. 4) and
indicating that the H, has either formed under or relaxed likely trace the aftermath of shock fronts. Additional low-OPR
into LTE conditions. However, several compact regions show regions are found along the dust lanes. Departures from the
significantly lower values (OPR ~ 1.5-2). These include the equilibrium value can naturally arise when H, has been dis-
vicinity of the AGN, encircling the SW lobe and the NE lobe. sociated and subsequently reformed on dust grains, yielding
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Fig. 5. Maps of pure H, rotational line ratios. Top: S(3)/S(1) show ele-
vated values in the dust lanes and in two-lobed structures near the AGN.
White contours represent the OPR; the outermost contour corresponds
to 3 (expected in LTE at T >200K), with inner contours decreasing
in steps of 0.25 down to 1.5. Middle: S(9)/S(5). Bottom: S(13)/S(7).
These ratios reveal that the higher-J lines trace arc-like structures in
both lobes. The dashed gray line indicates the jet axis.

a sub-equilibrium OPR. The ratio then evolves gradually
toward 3 via proton-exchange reactions, with characteristic
timescales of ~10°-107 yr depending on the gas ionization
fraction and density (Wilgenbus et al. 2000; Flower et al. 2006).
The observed sub-equilibrium OPR values therefore likely mark
sites of recent H, reformation or ongoing thermal relaxation
following shock passage, consistent also with model predictions
from Kristensen et al. (2023).

4.3. Modeling excitation diagrams

To better characterize the warm H, excitation, we constructed
excitation diagrams in each spaxel of the field of view. Plotting
the column density per statistical weight, (N, /g,), against upper-
level energy E,, and assuming optically thin emission and LTE,
allowed us to infer the temperature distribution and total column
density of the warm H,. While several regions show OPR values
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Two model sets are shown with a magnetic field strength of B = 30 uG
and pre-shock densities of ny = 100 cm™ (solid lines) and ny =
1000 cm™ (dashed lines). Colored curves indicate different strengths
of the external UV radiation field Gy. Shaded regions mark the range
of observed ratios. Constraints on S(13)/S(7) are similar to those for
S(9)/S(5).

below the LTE value, Ogle et al. (2010) showed these deviations
have minimal impact on temperatures and masses derived from
such diagrams. We used a continuous power-law temperature
distribution model introduced by Togi & Smith (2016), which
assumes dN/dT o« T™" with T >T;, where n is the power-law
index and T; is the lower cutoff temperature. Low 7; values
(e.g., 50-100 K) are indicative of heating typical of PDRs, while
higher values (3200 K) suggest shock or turbulence-driven heat-
ing. For comparison, measurements of M58’s spiral arms from
024 yield T; ~ 50 K, consistent with PDRs.

We find that the original implementation from Togi & Smith
(2016) underpredicts the fluxes of high-excitation lines start-
ing at S(11), as it truncates the temperature distribution at
T =2000 K. High-J lines are sensitive to hotter gas (7 > 3000 K),
which the model excludes. Although two-temperature models
can capture this component, they impose an arbitrary separa-
tion. To maintain a continuous and physically consistent descrip-
tion, we extended the integration up to the H, dissociation
limit (7T =5000 K). Because H, begins to thermally dissociate
between ~4000-5000 K (Hollenbach & Tielens 1999), we intro-
duced an exponential cutoff to suppress unphysical contributions
at extreme temperatures. The modified distribution becomes
AN e T
ar xT™"e , ()
with T, =3500 K as a soft cutoff and T,x =5000 K as the
upper limit, retaining the flexibility while enforcing a physically
motivated suppression near the dissociation threshold.
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Fig. 7. Maps from the modified power-law temperature distribution model from Togi & Smith (2016). Left: Power-law index n, with lower values
indicating a stronger contribution from hotter gas. Center: Lower temperature 7}, contributing to H, emission. Right: Warm H, mass per pixel,
with each pixel area being ~161 pc?. White contours trace CO(2—1) emission from cooler molecular gas. The dashed gray line marks the jet axis.

Figure 7 shows the fitted parameters across the field, and
example excitation diagrams for selected regions appear in
Fig. 8. The power-law index n indicates the steepness of the
temperature distribution: high n implies that cooler gas dom-
inates; low n implies that hot gas dominates. Along the dust
lanes, we find high n values (up to ~6.5), steep temperature dis-
tributions, and 7; ~ 300-350 K. In contrast, regions between the
nucleus and lanes show flatter distributions (n ~4-5) and lower
T; ~200 K, with the nucleus having the flattest slope (n~3.9)
and highest cutoff temperature, signaling a dominant hot compo-
nent likely heated by AGN-driven processes. The NE-SW lobes
also reach T ~ 500 K, indicating a large warm gas contribution.
Note that the 7; parameter in the model from Fig. 8 represents a
lower bound on the gas temperature.

We converted the fitted temperature distributions into warm
H, masses (T'>200K), following Togi & Smith (2016), using
the spaxel area of MRS CH1 (0.0168 arcsec? or ~161 pc?). Most
warm gas lies in the dust lanes, and a clear disruption in the
southern lane is traced by H,, as also seen in CO (GB09) and
reflected in kinematics (Fig. 3). Despite their compact size (each
lobe spanning roughly 100 pc X 50pc), the two molecular lobes
contain a substantial amount of warm H,, each one with approx-
imately 5 x 10* M® of warm H,.

4.4. Rovibrational H, lines

The excitation diagrams in Figure 8 show clear decoupling
between the pure rotational and rovibrational H, ladders across
regions. Were the gas in LTE fit by a single temperature, both sets
of transitions would fall along the same curve in a Boltzmann plot.
Instead, the v = 1-0 lines (both S- and O-branches) lie systemat-
ically below the rotational trend. High-energy rovibrational lines
(e.g., 1-0 S(7), E,/k 2 10*K) align more closely with the rota-
tional ladder, whereas low-energy lines (e.g., 1-0 S(1)) are off-
set by up to two dex. This curvature, in which the excitation tem-
perature increases with E,, is characteristic of shock-dominated
environments where higher-J and rovibrational transitions pref-
erentially trace hotter gas (Kristensen et al. 2023).

This misalignment has been observed in a variety of galaxies:
for instance, NGC 1266 requires mixed PDR and AGN contri-
butions to reproduce its H, ladder (Otter et al. 2024), and NGC
3256 combines slow shocks and X-ray heating to reach rovibra-
tional temperatures near 2000 K (Emonts et al. 2014). Similarly,
protostellar outflows show LTE-like pure rotational lines along-
side sub-thermal rovibrational levels in nonequilibrium OPR
regions (Vleugels et al. 2025). In M58, the divergence between
S and O branches persists even where OPR ~ 3, confirming that
a simple OPR effect cannot account for the offset.
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Fig. 8. H, excitation ladders for selected regions. Top: Nucleus. Mid-
dle: Northeast shock. Bottom: South lane. Pure rotational H, lines are
shown in blue, with best-fit models in yellow triangles. Observed rovi-
brational lines are plotted in red, with zoomed-in insets displayed in the
top corners of each panel. The solid line connects the 1-0 S(1-7) rovi-
brational ladder, while the dashed line connects the 1-0 O(2-9) ladder.

The systematic underpopulation of the v > 1 transi-
tions relative to the pure rotational ladder demonstrates that a

single-temperature model cannot account for both rotational and
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vibrational lines. Although a temperature distribution of 7, =
150-500 K reproduces the pure rotational data, it overestimates
the v = 1-0 rovibrational line intensities. This discrepancy arises
because rovibrational levels have critical densities on the order
of ~10°cm™ (e.g, v = 1, J = 3 at T 2 2000K), whereas
low-J rotational lines require densities of only < 10° cm™ (e.g.,
S(1)). In regions where ny < ngj;, collisions cannot sustain ther-
mal level populations, leading to sub-thermal excitation and cor-
respondingly weaker rovibrational emission. This sub-thermal
excitation naturally produces the flattening of the 1-0 S(1-7)
ladder, reflecting variations in gas density and excitation depth
across the field. However, additional excitation mechanisms may
also contribute. The rovibrational lines may arise from gas sub-
ject to different shock velocities or irradiated by energetic pho-
tons. In particular, photon-driven processes such as UV or X-
ray pumping can preferentially populate high vibrational states,
modifying the ladder independently of the thermal background.

Another useful diagnostic compares pure rotational with
rovibrational lines, such as S(9)/1-0 S(5) and S(13)/1-0 O(7),
which can be readily derived from the fluxes listed in Table C.1.
These ratios probe different excitation regimes, revealing varia-
tions in shock strength and post-shock cooling. The two lanes
and the NE region exhibit S(9) dominance (~1.2). Only the
nucleus exhibits an S(9)/1-0 S(5) of ~0.85, implying hotter con-
ditions with more efficient rovibrational excitation. The S(13)/1—
0 O(7) lines are at similar wavelengths, minimizing extinction
effects, and trace density in partially thermalized gas. The crit-
ical density of S(13) (fierir ~ 10%cm™) is much higher than
1-0 O(7). In the OMC, the ratio is uniformly ~1.05, indicat-
ing full thermalization at n, while in extreme shocked regions
it can rise to ~2.3 due to overpopulated high-J levels under
sub-thermal conditions (Brand et al. 1989). In M58, the nucleus
reaches peak values of ~1.95, consistent with high temperatures
and sub-thermal excitation, while values <1.3 in the dust lanes
indicate denser, near-LTE conditions. Together, these trends sup-
port a picture of cooler dust lanes and hotter, less dense lobes,
with local density variations consistent with turbulent post-shock
structures.

Figure 9 presents the 2—1 S(1)/1-0 S(1) versus 1-0 S(2)/1-
0 S(0) diagram (e.g., Mouri 1994; Rodriguez-Ardila et al. 2004;
Mazzalay et al. 2013), which jointly constrains the vibrational
(Tyip) and rotational (T},) excitation temperatures of the gasl.
In LTE and under purely thermal excitation, the line ratios fall
along a curve where Ty, = Tror. Deviations can be explained by
model predictions for UV and/or X-ray heating, shocks, and
when Ty, > Tyor, indicating the presence of nonthermal exci-
tation. Although the 2—-1 S(1)/1-0 S(1) ratio is often used to
identify UV pumped gas, it is sensitive to 7y;, and may reflect
vibrational thermalization under shock conditions. High T, val-
ues have been observed in dense shocked clouds such as the
OMC (Habart et al. 2005), but in M58 the conditions appear
more consistent with a lower-density regime, where collisions
are less effective at thermalizing vibrational levels. Under these
circumstances, the 2—-1/1-0 ratio remains a valid diagnostic
of the relative contribution of the thermal versus nonthermal
contribution. With all regions showing values below 0.5, we
can confidently rule out pure nonthermal fluorescence in M58.
Instead, all regions are broadly consistent with collisional exci-
tation driven by shocks. The nucleus and north lane lie closest
to the pure thermal curve, consistent with ~90% thermal and
~10% nonthermal excitation. The NE and SW lobes shift toward
larger nonthermal fractions (~20-30%). The south lane has weak

! See Equations 1 and 2 in Mazzalay et al. (2013).
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Fig. 9. H, 2-1 S(1)/1-0 S(1) vs. 1-0 S(2)/1-0 S(0) emission-line ratios
for selected regions of MS58. Colored markers indicate the nucleus
(Nuc), north and south lane (NL-SL), and the northeast and southwest
H, lobes (NE-SW). The solid black curve marks the predicted trend
for pure thermal excitation. Shaded regions represent the domains of
alternative excitation mechanisms: UV thermal excitation (Sternberg
1989), X-ray heating (Draine & Woods 1990), shocks (Kristensen et al.
2023), and nonthermal UV fluorescence (Black & van Dishoeck 1987).
The gray curve shows mixed thermal and fluorescent excitation models,
decreasing from 90% thermal (left) in 10% steps. The top and right axes
indicate the vibrational and rotational temperatures (T, Tyo) respec-
tively.

2—1 S(1) emission and cannot be fully constrained. These mixed-
excitation fractions align with surrounding physical conditions:
shocks dominate in the central regions and along the north lane,
while the lobes, located between the AGN and the UV ring,
experience enhanced radiative excitation. This behavior echoes
findings in other LINER and Seyfert 2 galaxies, which typi-
cally cluster near the thermal curve with modest nonthermal
offsets. This is in contrast to Seyfert 1 and starburst systems,
which show stronger fluorescent signatures (Riffel et al. 2013;
Otter et al. 2024).

4.5. Origin of H, excitation

We have shown that the pure rotational lines are nearly fully ther-
mal, while the rovibrational lines contain only a 10-30% non-
thermal component. We now assess the physical drivers respon-
sible for these excitation processes.

4.5.1. Thermal dominance

Since low-lying pure-rotational lines dominate thermal H, cool-
ing, Fig. 10 compares the radial profile of the rotational lumi-
nosity, scaled from S(3) to the total S(1)-S(5) emission? to the
energy available from three candidate mechanisms, each assum-
ing a conservative 5% coupling efficiency. We estimated the
radio jet’s mechanical power, using VLA 5 GHz and LOFAR
144 MHz maps and the scaling relations of Cavagnolo et al.
(2010)3. X-ray heating of the AGN was evaluated using the
observed luminosity accounting for 7~> geometric dilution. The
cloud—cloud collision power was calculated via Py, = % M2,

2 S(3) contributes ~35% of the summed S(1)-S(5) luminosity mea-
sured by Spitzer over the central 2 kpc.

3 These were calibrated at 1.4 GHz and 323 MHz; we extrapolated
assuming a typical synchrotron spectral index of @ =—0.8
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Fig. 10. Radial profile of H, luminosity surface density compared to
various energy input mechanisms. Spitzer IRS and JWST MIRI H, S(3)
measurements are scaled to match the total S(1)-S(5) luminosity. The
JWST-derived surface density drops beyond 0.5 kpc due to the limited
field of view. Energy surface densities, assuming an overall coupling
efficiency of n = 5%, are shown for X-ray radiation pressure and kinetic
power from cloud—cloud collisions and from the radio jet.

where M represents the inflow and outflow rates from GBO09,
assuming v=150kms~! for cloud encounters.

Even at 5% efficiency, the jet’s kinetic power exceeds the
H, surface brightness across the full 2 kpc. By contrast, X-ray
heating is limited to the inner ~100pc and cloud—cloud colli-
sions can sustain the emission only beyond ~1.5 kpc. Even com-
bined, these two processes cannot account for the prominent H,
bump at 0.3-0.4 kpc, coincident with the onset of the dust lanes.
Despite the simplified assumption, the radio jet alone provides
sufficient energy to power the thermal H, emission at all scales.
Other processes, even if locally relevant, would require implau-
sibly high coupling efficiencies: XDR heating typically operates
at $1% (Ogle et al. 2010), and while cloud—cloud collisions can
be efficient in extreme interacting systems (e.g., Stephan’s Quin-
tet; Guillard et al. 2009), there is no evidence for recent merg-
ers or interactions in M58. We did not explore other origins of
the shocks, such as supernova-driven shocks, given the lack of
evidence for a past intense starburst. Likewise, the morphology
of the shocked region does not support external drivers such as
cluster ram pressure (e.g., NGC 4569; Boselli et al. 2016).

4.5.2. Nonthermal contribution

In the nucleus, evidence suggests a nonthermal excitation of
~10%. Although our excitation grids model nonthermal excita-
tion solely via UV fluorescence, other processes (e.g., cosmic
rays and XDRs) could similarly populate the v = 2 level.

The observed nuclear 2-1 S(1) luminosity is L5y =
3.25x 10%7 erg s~!. This line arises from the level (v = 2, J = 3),
typically populated via radiative cascades following UV pump-
ing through electronic transitions (e.g., B'Sr — X!T¥). The
probability that an absorbed UV photon ultimately leads to pop-
ulation in v = 2 is set by the Franck—Condon factors, which
for v = 2 are ~0.15 (Spindler 1969). Adopting a conservative
10% cascade efficiency (Sternberg et al. 2014) obtain an over-
all UV-to-2—1 S(1) conversion efficiency of n ~ 0.015. From
LLAGN models, the intrinsic far-UV luminosity of the AGN
is Lyjonm ~ 6.68 x 1033 erg s nm™! (Lopez et al. 2024), corre-
sponding to a photon rate of Nyy ~ 1.38 x 10*? s™!. Thus, the
predicted 2-1 S(1) luminosity is Lpred =Nyy X1 X hv~1.83 x
10% ergs~!, nine orders of magnitude below the observed

value. Using HST fluxes that include UV emission from young
stars yields similarly low results: extrapolating from 250 nm
(Maoz et al. 2005), we estimate L;jonm ~ 1.7 X 10%° erg s~ nm™!,
implying Nyy ~3.5%10*" s7! and Lyeq ~4.7%10°? erg s™'. Even
assuming perfect trapping, UV fluorescence falls orders of mag-
nitude short. We therefore conclude that UV pumping is negligi-
ble for the observed high-v H, emission in the nucleus.

X-rays penetrate deeper into molecular clouds than UV pho-
tons, generating fast photoelectrons that collisionally excite Hj
to high vibrational levels. Given the intrinsic AGN X-ray lumi-
nosity of Ly~ 1.6 x 10" erg s7! and a clumpy medium with
n~103cm™, soft X-rays can be absorbed within a few par-
secs, and XDR models predict T ~ 103K gas and efficient v = 2
excitation (Draine & Bertoldi 1996). Accounting for the approx-
imately 10% nonthermal 2—1 S(1) emission requires ~760 M® of
warm Hj, only approximately 3% of the total 7 > 200 K gas we
infer in the nucleus. Similar warm gas fractions and X-ray-driven
H, rovibrational excitation have been observed in other AGN
(e.g., Riffel et al. 2013; Storchi-Bergmann et al. 2009), making
X-ray pumping a viable explanation for the nuclear nonthermal
component.

Cosmic rays can excite the H,, primarily populating the
v = 1 vibrational level (Padovani et al. 2022); however, produc-
ing the observed emission would require extremely high ion-
ization rates. Adopting a nonthermal 1-0 S(1) luminosity of
2.41 x 107 erg s7! (10% of the total) and a warm H, reser-
voir of ~2.5 x 10* M, at T > 200K, the required ioniza-
tion rate is ~107'°-10"°s~!, depending on the assumed pho-
ton yield per ionization (1073-1072). These values are orders
of magnitude higher than typical Galactic molecular cloud rates
(10719-10" s~ Indriolo & McCall 2012; Neufeld & Wolfire
2017) and even exceed the highest rates seen in the Galac-
tic Center or strong shocks (~10714-10"13 s~!; Padovani et al.
2018; Indriolo et al. 2015). In AGN environments, molecular
ion studies typically infer rates no higher than ~10712-10"13 57!
(e.g., Gonzélez-Alfonso et al. 2018; Holdship et al. 2022). Cos-
mic rays may contribute in localized, turbulent subregions but
cannot account for the bulk of the nonthermal H, luminosity.

5. Dynamical imprint of LLAGN feedback

As shown in Section 3, the velocity fields reveal a large-scale
pattern consistent with rotation across the central kiloparsec,
with projected velocities ranging from —200 to +200kms™'.
This disk-like structure, which agrees with the CO kinematics
reported in GBO09, indicates that AGN feedback in M58 does
not strongly disrupt the global velocity field, unlike the high-
velocity molecular outflows seen in more luminous AGN (e.g.,
Rupke & Veilleux 2013; Ramos Almeida et al. 2019). Instead,
the feedback more subtly imprints on the molecular phase, pri-
marily through thermal excitation, as seen in other jetted systems
such as the Teacup galaxy (Zanchettin et al. 2025). Nonetheless,
localized deviations from rotation are evident in Fig. 4. GB09
confirmed the presence of noncircular motions and streaming
features in the inner disk of M58, complicating the interpreta-
tion of disturbed gas as purely outflow-driven.

In the central ~50 pc, the velocity dispersion increases reach-
ing several hundred kilometers per second. This broadening
is most pronounced in the ionized gas, where [ArII] reaches
~400kms~! and rovibrational H, (v > 1) lines approach
200km s~'. In contrast, pure rotational H; lines exhibit narrower
widths of 100-150kms~', suggesting that the most energetic
components trace turbulent substructures that are locally decou-
pled from the galactic disk.
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Fig. 11. PV diagrams of molecular gas emission along the major (PA = 95°) and minor (PA = 5°) axes of the galaxy. Top row: CO(2-1) emission
from GB09 as a color map, with white contours of the H, S(1) line overlaid. A velocity shift of 30 km s~ was applied to the CO data to match our
systemic velocity. Second and third rows: H, S(5) and S(9) emission lines, respectively. In all major-axis panels, the blue line marks the best-fit

CO rotation curve. Contours begin at 100

Position—velocity (PV) diagrams (Fig. 11) along the galaxy’s
major and minor axes, with position angles (PA) of 95° and 5°,
respectively, trace warm H, emission associated with the CO-
defined dust lanes (SL and NL). The emission extends to ~400—
600,pc along the major axis and ~200-300,pc along the minor
axis. The major-axis lanes follow the expected rotation curve,
but the minor-axis PV diagram shows systematic velocity off-
sets, consistent with radial flows or in-plane outflows. The so-
called outer arc, associated with a bar-driven resonance (GB09),
lies just beyond the JWST field of view. Notably, the north-
ern lane lies closer to the nucleus and exhibits a significantly
higher velocity dispersion than the southern one. This asymme-
try may reflect uneven inflow rates, interactions with the AGN
jet, or the presence of a dynamically heated gas bridge connect-
ing the nucleus to the northern lane. The H, S(1) line reveals
fainter, more extended emission in regions where CO is weak
or absent, especially in shocked zones. The NE complex departs
from the expected rotation and is mirrored by a southwestern SW
structure lacking a CO counterpart, together suggesting a bipo-
lar morphology. GB09 placed the NE structure in a kinematically
forbidden region for pure-rotational motion, supporting its inter-
pretation as an outflow. This component appears in H, S(1) and
becomes more prominent in S(5) and S(9), where both NE and
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SW features extend further in velocity but the NE approaches
the rotational curve. In S(5) and S(9), the NE and SW regions
extend to higher velocity dispersions, although the NE structure
aligns more closely with the underlying rotational curve.

Along the minor axis, the H, S(5) line displays a broad com-
ponent centered at -100kms~!, extending spatially from -200
to +200 pc. At higher excitation (S(9)), the southern lane fades
significantly, whereas the northern complex remains bright, sug-
gesting asymmetric energy injection or excitation. While jet sig-
natures are subtle, extended northern emission seen in VLA
maps may trace gas entrained in a weak jet-driven outflow. These
features could correspond to out-of-plane motions, with de-
projected velocities of 120-170kms~!. The NE complex shows
weak associated radio emission but otherwise resembles an in-
plane shock, mirrored by the SW structure. Together, they delin-
eate a C-type shock front tracing the boundary of an expanding
bubble driven by jet feedback. The morphology seen in the chan-
nel maps, combined with the estimated molecular gas masses
and the alignment of higher-excitation lines with the disk rota-
tion, all support the interpretation that these structures lie within
the galactic disk rather than above or below it. This indicates
that the bulk of the shocked gas remains within the disk, even if
the jet escapes the galaxy plane. De-projected velocities of the
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Fig. 12. Color composite: H, S(1) (red), H, 1-0 S(1) (green), and Paa (blue) with UV contours. The spectra show the double-horned profiles of

the high excitation H, lines.

H, S(1) line in these regions typically reach ~170kms~!, while
higher-excitation lines such as S(9) extend up to ~340kms~!.

Outside the jet axis, double-horned line profiles in the warm
H; emission highlight the disrupted nature of the shock’s leading
edge, as shown in Fig. 12. They appear in regions that spatially
align with interruptions in the SF ring, where high-excitation H,
transitions coincide with non-UV emission. Spectra in two of
these regions within a ~30 pc aperture reveal two symmetric,
narrow velocity components with a separation of ~100 kms™!,
and both showing similarly high excitation levels. Further evi-
dence of stratified feedback emerges from the spatial decoupling
between warm H,, Paa, and UV. The UV emission tracing the SF
ring lies just outside the warm H, in the outflowing NE structure,
with a similar configuration observed in the SW, where the ring
borders the outer edge of the SW shock. This spatial sequence is
consistent with a scenario in which mechanical energy injected
by the expanding bubble driven by the jet is propelling H, out-
flows and displacing large gas masses that compress the ISM,
enabling SF to proceed relatively undisturbed in a surrounding
ring. Rayleigh—Taylor instabilities may also arise where a low-
density shock collides with denser material from the SF ring,
likely producing the observed double-horned H; profiles.

In the southern part of the SF ring, a partial decoupling
of Pae and UV emission suggests that the most massive stars
(220 M0) have already exploded as supernovae and dispersed
their surrounding HII regions. The remaining UV could origi-
nate from intermediate-mass stars (3—10 M©®), which emit non-
ionizing UV radiation for up to ~30Myr, implying that the
last SF burst ended 8-30 Myr ago. Sub-equilibrium OPR val-
ues point to recent shock activity with estimated ages of 0.1-
1Myr (Neufeld et al. 2006). Taken together, the OPR, UV
and Pac distributions may trace distinct but complementary
timescales. Assuming similar shock velocities, the travel time
to 200 pc would be ~1Myr, while reaching kiloparsec scales
would require ~10 Myr. This suggests that the kpc-scale cocoon
observed by 024 is consistent in age with the last SF burst. In

contrast, the warm H, excitation seen in the NE and SW traces
a more recent (~1 Myr) shock event, likely resulting from ongo-
ing interaction between the jet and the ISM. A full analysis of the
ionized gas and the PAH emission will be presented in a forth-
coming work to characterize the multiphase interplay and impact
on SF.

Overall, LLAGN feedback in M58 does not drive fast winds
or expel large gas reservoirs. Instead, it acts subtly, disturb-
ing the inner 200 pc through C-type shocks and turbulence,
with warm H, outflows reaching ~170kms~', while the large-
scale rotating disk is just thermally heated. Other observational
studies support this scenario. An excess of warm H, is com-
monly seen near AGN (Lambrides et al. 2019). In some cases,
such as NGC 3100, the jet mildly perturbs the gas kinemat-
ics (Ruffa et al. 2022). Broader samples show that, beyond a
certain radius, jets typically have minimal dynamical impact
on the ISM (Ayubinia et al. 2023; Kukreti et al. 2025). In low-
Eddington phases, molecular gas builds up around the nucleus,
and only jets aligned with the disk can remove it efficiently
(Garcia-Burillo et al. 2024).

Ultimately, M58 illustrates the long-term impact of low-
power AGN feedback, primarily driven by an off-plane radio jet
and, in second order, by X-ray photons from the ADAF. Rather
than clearing the ISM, the AGN regulates it by heating the inner
disk via C-type shocks and quenching SF up to kiloparsec scales
with non-dynamical coupling. In regions where shocks impact
dense gas directly, we observe mildly disturbed kinematics and
excitation conditions that resemble the effects of more power-
ful AGN, albeit on smaller scales. These findings highlight the
cumulative impact of sustained, low-level LLAGN feedback in
shaping both the ISM structure and the SF potential of galaxies.

6. Summary and conclusions

JWST’s unprecedented sensitivity opens a new window into the
subtle but significant impact of LLAGN feedback. In this study,
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we presented the most detailed near and mid-IR view to date of
the inner kiloparsec of M58, revealing the physical conditions,
excitation mechanisms, and kinematics of warm H, in the vicin-
ity of a weak AGN with a low-power radio jet. Our main findings
can be summarized as follows:

1. We detect pure bright H; rotational lines (S(1)-S(18)) across
the inner disk, consistent with low-velocity C-type shocks
(1040 kms~") moving perpendicular to the jet axis. Their
excitation diagrams are well described by a power-law tem-
perature distribution with an exponential cutoff (see Eq. (1)).

2. Bright rovibrational H; lines from the v = 1 and 2 levels are
also detected. Their excitation deviates from thermal expec-
tations mainly due to low densities. Nonthermal processes
contribute 10-30% of rovibrational emission, likely powered
by an ADAF producing X-ray radiation.

3. The OPRs drop to 1.5-2.5 in shocked regions. These sub-
equilibrium values trace recent shocks (~0.1-1 Myr), before
the OPR conversion equilibrates.

4. Jet-driven low-velocity shocks heat the H, without disturb-
ing the kinematics of large-scale dust lanes. In contrast, the
inner ~200 pc exhibit disturbed kinematics and outflow-like
features, consistent with turbulent molecular gas displace-
ment and compression spatially coincident with the edge of
the circumnuclear SF ring. Double-horned H; line profiles at
the shock front indicate turbulent, stratified feedback.

These results demonstrate that even low-luminosity AGN
can produce sustained and measurable influence on their host
galaxies, not by ejecting gas through high-velocity winds, but
by subtly reshaping the molecular ISM via turbulence, shocks,
and thermal regulation. In M58, this “gentle” feedback thermally
perturbs the inner disk and quenches SF at kiloparsec scales,
while producing turbulent motions only in the center. M58 thus
exemplifies the cumulative, stratified nature of low-power AGN
feedback: long-lived and spatially structured, with observable
imprints in gas excitation, dynamics, and SF history.

Future studies will be essential to determine how common
this scenario is in broader population of LLAGN. Systematic
JWST surveys of nearby AGN-hosting galaxies, in combination
with high-resolution ALMA and radio data, will be critical for
quantifying the frequency, energetics, and long-term impact of
weak AGN feedback in the local universe.
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Appendix A: Data reduction

Data were reduced using the JWST Science Calibration Pipeline
(Bushouse et al. 2025). For NIRCam and MIRI, we used ver-
sion 1.17.1 with CRDS context jwst_1321.pmap. The NIR-
Spec data was processed with the JWST calibration pipeline ver-
sion 1.15.1 using the CRDS context jwst_1303. pmap. Process-
ing parameters were tailored to each observing mode, with addi-
tional custom routines described below.

For imaging modes, we used the suppress_one_group=
False option during ramp fitting to recover partially saturated
pixels using frame® exposures. Backgrounds were subtracted
via sigma-clipped medians measured in off-source regions. NIR-
Cam 1/f noise was suppressed using Clean_flicker_noise
from the det1dict module, applied across all channels.

Astrometric alignment was performed using NIRCam as ref-
erence frame, given its superior positional accuracy among the
JWST instruments used. The NIRSpec H, 1-0 S(1) line map was
aligned to the NIRCam F212N image, yielding offsets of SRA =
0715 and 6Dec = 0”713 . For MIRI, the H, S(8) line was aligned
to the NIRSpec corrected frame, with offsets of SRA = 0”705 and
o0Dec = —0"708. Final cubes were resampled using the EMSM algo-
rithm to a spatial scale of ~0”1.

NIRSpec data were reduced with custom outlier rejection
scripts to mitigate residual cosmic rays. We corrected for the
artifacts from spatial under-sampling of the PSF, also known as
"wiggles," using the algorithm by Perna et al. (2023). This tool
was applied only within a ~5-pixel radius centered on the AGN,
where the effect is significant due to source brightness.

MIRI MRS data required extensive correction to address
fringing and noise resampling artifacts. Fringing was removed
using a dedicated 2D correction algorithm. In Channels 3 and 4,
fringing correction was deactivated due to the absence of signif-
icant interference patterns. A custom correction was necessary
for noise resampling, particularly in Channel 1, where the dither
strategy under-sampled the PSF, producing artificial flux jumps
near the central AGN.

Using a similar idea behind the "wiggles” algorithm, for each
problematic MIRI MRS spaxel s(1), a reference spectrum se(1)
was extracted by averaging the spectra within a circular 5-pixel
aperture centered around the spaxel. Both the spaxel and ref-
erence spectra were processed to isolate the continuum emis-
sion by masking emission lines and PAH features. The masked
regions were interpolated, and a Savitzky—Golay filter of the
problematic spaxel and its reference spectrum was applied to
derive smooth continuum estimates c(1) and cf(1) respectively.

The corrected spaxel spectrum Scorrected(1) Was then calcu-
lated using the following formula:

cer(D) [ e dl
D) [ (D) da

Scorrected(4) = s(2) - (A.1)

This transformation scales the continuum of the spaxel to
match that of the local reference while preserving the relative
line strengths and spectral shape. A residual 1D fringe correc-
tion, derived from the JWST pipeline, was applied to mitigate
remaining low-level fringing patterns. An example of this cor-
rection process is shown in Figure A.1, where the original and
corrected spectra are compared alongside the estimated contin-
uum shapes.

Some MIRI spaxels exhibited artifacts that mimicked emis-
sion lines near the hydrogen recombination lines of the
Humphreys series (i.e., HI 7-6). These features were discarded
for two main reasons: first, the lines did not exhibit a Gaussian
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profile consistent with genuine emission; and second, there was
no corresponding Pfund-alpha line detected, which should be
brighter than HI 7-6 if the signal were real.

MERLIN archival data were obtained from two observa-
tions in the C band (centered at 5,GHz, bandwidth 16,MHz) on
14 November and 4 December 2002. The total exposure times
were 2.6 and 10.5 hours, respectively. The data were processed
using the standard MERLIN pipeline, which includes flagging
of bad visibilities, and calibration in both phase and ampli-
tude. The two visibility datasets were combined using the dbcon
task in AIPS. Imaging was performed with DIFMAP, using
a pixel scale (cell size) of 10 mas. After several iterations of
phase self-calibration followed by one iteration of amplitude
self-calibration, we achieved a final image with an rms noise
level of 0.19 mJy beam™!.

The VLA C-band data were taken in B configuration on 30
June 2020 (Project ID 20A-272, PI: Ogle), with a total band-
width of 2,GHz, divided into 32 spectral windows each with
64x1MHz channels. The raw data were calibrated using the
standard VLA pipeline within CASA (version 5.3.1). Imag-
ing was carried out with the tclean task using Briggs weight-
ing with robust=0.5. The resulting synthesized beam was
0796 x /83, and the rms noise was 24.4 uJy beam™!.

Appendix B: Spectral fitting

For the NIRSpec data, we adopted a multicomponent spaxel-
by-spaxel fitting approach following Marasco et al. (2020),
Tozzi et al. (2021) with JWST-specific updates from Ceci et al.
(2025), Ulivi etal. (2025). The stellar continuum and emis-
sion lines were fit simultaneously using the penalized
PiXel-Fitting package (pPXF; Cappellari & Emsellem 2004;
Cappellari 2023). We modeled the continuum using the single
stellar population templates of Maraston & Strombick (2011)
(R=~20,000 covering part of Band 2). For 1>2.5 um, we used
an eighth-order polynomial to approximate the redder continuum
shape. Emission lines were modeled with one to three Gaussian
components with linked kinematics, selected via a Kolmogorov—
Smirnov (KS) test on residuals. The continuum-subtracted cubes
were smoothed with a Gaussian kernel of o = 1 pixel to improve
S/N and reduce outliers, at the expense of a slight loss in spatial
resolution.

For MIRI MRS, we adapted the method of 024*, originally
developed for Spitzer IRS, to the higher spatial and spectral res-
olution of JWST. Fits were performed with the 1Imfit Python
package (Newville 2023), which uses Levenberg—Marquardt
least-squares optimization. After masking emission lines, we
fit the continuum in each spaxel with a combination of dust
continuum, PAH features (modeled with templates similar to
PAHFIT; Smith et al. 2007), and a power-law component.We
then fit the residual spectra to model emission lines with one
to three Gaussians, following a similar approach used for NIR-
Spec. We further validated the multicomponent selection with
the Bayesian and Akaike Information Criteria, which yielded
consistent results. The instrumental point spread function (PSF)
was not explicitly accounted for during spaxel-by-spaxel fitting;
however, for analyses spanning a wide wavelength range, such
as excitation diagrams and the flux measurements reported in
Table C.1, the NIRSpec and MIRI datacubes were smoothed to
match the worst PSF at the H, S(1) line (FWHM = 0767), fol-
lowing the wavelength-dependent PSF characterization for MRS
by Law et al. (2023). In addition, we chose apertures larger than

4 Available online at https://github.com/ie-1lopez/MPF
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Fig. A.1. Example of the spaxel correction method. Top panel: Original spaxel spectrum (blue), its reference continuum (orange), and corrected
spectrum (red). Bottom panel: Correction factor for each wavelength and the fringing pattern derived from the JWST pipeline. Masking lines and
PAH features are shown in the shaded-blue and shaded-red areas, respectively.

the PSF, ensuring that PSF-related effects are minimized in the
derived fluxes and line ratios. For analyses involving ratios of
lines at similar wavelengths, such as the rovibrational line ratios
shown in Fig. 9 and discussed in Section 4.5.2, fluxes are mea-
sured within the apertures without smoothing. This approach is
more accurate because these lines are observed with the same
instrument, so PSF mismatches are negligible and only con-
tribute to slightly larger uncertainties.

We verified that both methods yield consistent results for
lines covered by both instruments, such as the H, S(8) transi-
tion. Given the superior sensitivity and resolution of NIRSpec,
we adopt its measurement for this line. Finally, all integrated
spectra were extracted directly from the original cubes, without
applying "wiggles" correction, to avoid interpolation artifacts.
When integrating over apertures larger than the PSF, the wig-
gles average out and become negligible. These integrated spectra
were modeled using the same spaxel-by-spaxel fitting procedure.

Appendix C: H, detected lines

Table C.1 lists the H, emission lines detected in each of the
selected regions indicated in Fig. C.1. All reported fluxes are
above the 30 significance threshold. The central AGN region
is defined by a 0.5” radius aperture centered on the MERLIN
radio core (RA = 189.4313, Dec = 11.8182), encompassing the
compact AGN and matched to the MIRI MRS PSF. Four addi-
tional circular apertures of 0.3” radius sample distinct morpho-
logical and kinematic features: NE shock (RA = 189.4316, Dec
= 11.8184), North Lane (RA = 189.4305, Dec = 11.8185), and
South Lane (RA = 189.4323, Dec = 11.8177).

11°49'09" 4

06"

Dec

03" .

43.6° 43.45 43.2°

RA

12h37Mm43.85

Fig. C.1. H, S(5) line map with selected extraction regions. The central
aperture (cyan) is slightly enlarged to match the PSF, while the sur-
rounding apertures sample the NE shock lobe and dust lanes.

AS88, page 15 of 16



Table C.1. Molecular hydrogen lines detected.

Lépez, I. E., et al.: A&A, 704, A88 (2025)

Transition Notation A ET Atot Nucleus Northeast Shock  North Lane ~ South Lane
&) ®) 3 “ ®) (6) @) (®) €))
y=0—70

J=3->1 S(D) 17.035 1015 47.6 11.85 (0.51) 4.60 (0.07) 7.96 (0.03) 10.46 (0.02)
J=4->2 S(2) 12.279 1681 276 18.63 (0.85) 6.37 (0.11) 7.64 (0.03)  9.06 (0.02)
J=5-3 S(3) 9.665 2503 984 51.83 (1.57) 19.90 (1.01) 17.83 (0.38) 20.41 (0.20)
J=6—-4 S4) 8.025 3475 2643 35.33 (0.51) 8.14 (0.08) 6.18 (0.67)  7.04 (0.40)
J=7T-5 S(5) 6.910 4586 5879 90.00 (0.79) 23.00 (0.16) 9.91 (0.96) 15.33 (0.02)
J=8—-6 S(6) 6.109 5830 11400  23.10(0.41) 5.46 (0.14) 2.43(0.02)  3.42(0.08)
J=9->7 S(7) 5.511 7197 20000  68.00 (1.38) 13.15 (0.38) 4.51(0.12)  7.32(0.14)
J=10—-8 S(8) 5.053 8677 32360 18.24 (1.00) 4.31 (0.37) 1.51 (0.15) 1.59 (0.11)
J=11-9 S9) 4.695 10261 49000  37.44 (0.92) 7.62 (0.28) 2.65(0.15)  3.01(0.17)
J=12-10 S(10) 4410 11940 70290 8.22 (0.62) 1.58 (0.49) 0.48 (0.05)  0.53 (0.05)
J=13-11 S(11) 4181 13703 96330  21.29(0.92) 3.88 (0.66) 1.14 (0.03) 1.31 (0.04)
J=15—-13 S(13) 3.846 17444 161700 11.79 (0.62) 2.16 (0.11) 0.51(0.02)  0.52 (0.03)
J=16—-> 14 S(14) 3.724 19403 199900  3.16(0.89) 0.67 (0.10) 0.08 (0.01)  0.12 (0.02)
J=17->15 S(15) 3.626 21411 240700  5.59 (0.63) 1.53 (0.14) 0.27 (0.02)  0.23 (0.02)
J=18—>16 S(16) 3.548 23459 283100 <2.71 0.59 (0.11) 0.08 (0.02)  0.07 (0.03)
J=19->17 S(17) 3486 25539 325900 @ 2.71(0.60) 0.95 (0.13) < 0.08 0.08 (0.02)
J=20—-18 S(18) 3439 27643 368000  3.03(0.55) 1.10 (0.14) 0.10 (0.02) < 0.08
v=1—00

J=2-0 1-0 S(0) 2.223 6471 84720 12.47 (2.54) 2.01 (0.17) 0.66 (0.06) 1.57 (0.19)
J=3->1 1-0 S(1) 2122 6951 83800  34.97 (1.53) 7.03 (0.24) 2.56 (0.07)  2.89 (0.07)
J=4-52 1-0 S(2) 2.034 7584 82260 18.54 (2.52) 3.11 (0.22) 1.03 (0.06) 1.02 (0.07)
J=5-3 1-0 S(3) 1.958 8365 80110  74.80 (28.11) 8.15 (0.30) 2.75(0.09)  2.96 (0.33)
J=6—-4 1-0 S(4) 1.892 9286 77630  73.54 (15.23) 2.95 (0.28) 0.92 (0.07)  3.12(0.27)
J=7T-5 1-0 S(5) 1.836 10341 75330  44.27 (3.70) 6.22 (0.34) 2.15(0.09)  2.42(0.29)
J=8—-6 1-0 S(6) 1.788 11521 73970 <22.76 < 1.64 < 0.46 0.86 (0.36)
J=9-17 1-0 S(7) 1.748 12817 74430  37.67 (6.73) 3.18 (0.40) 0.99 (0.12) 1.92 (0.45)
J=0-2 1-00(2) 2.627 5987 85320 12.55 (1.60) 1.58 (0.43) 0.53 (0.04)  0.47 (0.04)
J=1-3 1-0033)  2.803 6149 85160 19.98 (0.98) 4.92 (3.46) 1.55 (0.06) 1.31 (0.07)
J=2-4 1-0 O(4) 3.004 6471 84720 6.67 (0.61) 2.01 (0.19) 0.46 (0.03)  0.63 (0.04)
J=3->5 1-0 O(5) 3235 6951 83800 12.67 (0.60) 2.47 (0.06) 0.93 (0.02) 1.04 (0.03)
J=4-6 1-0 O(6) 3.501 7584 82260 3.78 (0.56) 0.68 (0.05) 0.20 (0.02)  0.23 (0.02)
J=5->17 1-0 O(7) 3.807 8365 80110 6.05 (0.57) 1.44 (0.11) 0.39(0.02)  0.35(0.02)
J=7-9 1-00(9) 4575 10341 75330 2.11 (0.72) 0.49 (0.23) 0.05 (0.06)  0.29 (0.09)
J=T7T-17 1-0Q(7)  2.500 10341 75330 11.24 (1.18) 2.40 (0.16) 0.86 (0.11) 1.12 (0.28)
J=8-28 1-0Q(8)  2.528 11521 73970 < 14.85 <0.72 0.18 (0.07) < 1.47
J=9-9 1-0Q(9)  2.560 12817 74430 9.34 (3.59) 0.91 (0.26) 0.49 (0.09)  0.46 (0.09)
J=11—-11 1-0Q(1) 2.635 15722 84630 5.19 (0.74) <293 0.16 (0.03)  0.27 (0.04)
v=1—01

J=11-9 1-1 S(9) 4954 15722 84630 5.88 (0.93) 0.60 (0.15) 0.25(0.10)  0.42 (0.10)
J=12—-10 1-15(10) 4.656 17311 95980 <17.32 0.23 (0.18) <045 0.13 (0.09)
J=13-11 1-1S11) 4417 18979 112300 3.48 (0.68) 0.44 (0.11) <0.26 <0.34
yv=2—01

J=3-1 2-1S(1) 2248 12550 162300  6.88 (3.72) 1.18 (0.16) 0.33 (0.05) < 1.00
J=5-3 2-1S(3) 2.073 13890 157200  7.85(2.59) 1.52 (0.20) 0.32 (0.05)  0.46 (0.06)
J=2-52 2-1Q(2) 2559 12095 163000  5.06 (2.65) 0.95 (0.23) 0.13 (0.08) <0.42
J=3-3 2-1Q(3) 2.570 12550 162300  4.15(2.38) <091 0.27 (0.19)  0.20 (0.10)
J=1-3 2-10(33) 2974 11789 163100 <5.31 0.44 (0.17) 0.12 (0.04) <0.35

Notes. (1) Transition level, (2) Notation, (3) Vacuum wavelength in microns, (4) Excitation energy in K, (5) Einstein A coefficient in units of
10! 571, (6-9) Fluxes and their 1-o- errors for different regions in unit of 107'% erg cm=2 s~!. Upper limits are calculated at 5-o. H, transition data
from Roueff et al. (2019).
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