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ABSTRACT

Context. Supermassive black holes power active galactic nuclei (AGNs), injecting energy that may regulate accretion and shapes host galaxies.
High-resolution observations of circumnuclear gas and dust are essential to understanding these processes.

Aims. We aim to investigate the morphology, excitation, and kinematics of warm molecular hydrogen (H,) in the inner circumnuclear disk of
Centaurus A, the nearest radio galaxy.

Methods. We present JWST/MIRI MRS integral-field spectroscopy of the central 170 x 100 pc? at 0.3”-0.7" (5-12 pc) resolution, focusing on
pure rotational H, lines. The spectra exhibit a strong nuclear continuum, and bright H, lines from S(1) to S(8), including the first S(8) detection in
Centaurus A. The lines are optically thin in the nucleus, enabling maps of temperature, column density, and ortho-to-para ratio from spaxel-level
excitation diagram fitting.

Results. Warm H, shows a complex morphology, dominating the central region where CO emission is weak or undetected. Low-excitation H,
lines trace an inhomogeneous ring with a 20-pc radius cavity aligned with the jet’s near side, suggesting that the jet affects the morphology
of the molecular disk. Higher excitation lines form a filamentary structure around the AGN. Kinematics are primarily rotational with an S-
shaped distortion, indicating noncircular motions or a warped disk. A coherent, low-dispersion (~70 kms~!) streamer spirals inward. A power-law
temperature distribution yields a warm (100-2000 K) H, mass of (5.6 + 1.4) x 10° My, and a dynamical mass of 5 x 108 M, within 100 pc. Shock
excitation is supported by enhanced H,/continuum and H,/PAH ratios, elevated [Ne 1I1]/[Ne I1], and sub-equilibrium ortho-to-para ratios (1.6-2.4).
Conclusions. Turbulent dissipation can balance the observed H, cooling and likely dominates heating beyond 30 pc. In the inner 100 pc of
Centaurus A, AGN feeding and feedback are linked: shocks excite H,, regulate the gas temperature, and prevent cooling below 100 K, explaining

the weak CO emission and lack of a massive outflow. These shocks may drive angular-momentum loss and help fuel the nucleus.
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1. Introduction

The feeding and feedback of supermassive black holes (SMBH)
represent intricate processes that shape the dynamics and evo-
lution of galaxies. Matter accretes onto the black hole power-
ing an active galactic nucleus (AGN; e.g., Capelo et al. 2023).
The released radiative and mechanical energy generates pow-
erful feedback mechanisms such as gas heating and jet-driven
winds, which can influence the interstellar medium (ISM) of
its host galaxy and ultimately regulate its star formation (see
Veilleux et al. 2020, for a review). Even though the fueling
mechanisms are not fully understood, merger events and disk
instabilities in the spirals and bars are thought to trigger the
inflow of matter to the nucleus (e.g. Combes 2001). A corona
of hot material forms above the accretion disk and can lead to
the inverse-Compton scattering of photons up to X-ray energies
(Haardt & Maraschi 1991). The radiation from the accretion disk
excites cold atomic material close to the black hole, and this radi-
ates via emission lines. A large fraction of AGN output can be
obscured by the ISM (i.e., dust and gas; Lusso et al. 2013) close
to the accretion disk, which in turn re-radiates in the infrared
(IR). Investigating the accretion and AGN-driven outflow trig-
gering mechanisms requires high spatial and spectral resolution
observations close to the jet launching site to enable detailed

morpho-kinematical studies of the gas and dust in the circum-
nuclear regions.

At a distance of (3.8 +0.1)Mpc (Harris et al. 2010), the
peculiar elliptical galaxy Centaurus A (NGC 5128, hereafter
Cen A) is the nearest radio galaxy, thus offering a unique oppor-
tunity to study AGN environments at parsec scales in the IR
band. It is a prototype Fanaroff-Riley Class I (low luminosity,
Fanaroff & Riley 1974) radio galaxy (Israel 1998), and it is thus
an ideal laboratory to understand a major class of active galaxies
and associated AGN feedback processes. It hosts a SMBH with
a mass of 4.5-5.5 x 107 M,, based on molecular hydrogen (H,)
and stellar kinematics (Neumayer et al. 2007).

The morphology of Cen A has been thoroughly mapped
in existing literature, from kiloparsec to parsec scales. It fea-
tures powerful jets (PAje = 51°) with lobes that extend
250 kpc out of the AGN (Israel 1998). The galaxy itself con-
tains an outer star-forming molecular disk of 4 kpc in diame-
ter (Espada et al. 2019) and exhibits a prominent dust lane of
3kpc in diameter (Quillen et al. 2006). The disk has a nearly
edge-on warped geometry (Quillen et al. 1993, 2010). Mid-IR
imaging of the dust lane with Spitzer/IRS reveals emission
from S(0), S(2), S(3), and S(5) rotational transition lines of H,
(Quillen et al. 2008). Spitzer/IRAC and MIPS reveal a bright
central unresolved source as well as a “parallelogram-like”
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emitting structure across the region covered by the central dust
lane (Quillen et al. 2006). This parallelogram structure has also
been observed in the mid-IR by ISOCAM and in the submillime-
ter by SCUBA, and it is understood to be the remnant of a minor
merging event (Israel 1998). The center of the galaxy hosts a
circumnuclear disk (CND) of molecular gas, mapped for the
first time by Espada et al. (2009). It is described by Espada et al.
(2017) as an ellipse with major and minor axes of 20" x 10”
and 360 pc x 180 pc, respectively, and PApajor = 155° (without
accounting for projection effects). The overall morphology of
Cen A as described in this paragraph is depicted through differ-
ent scales in Figure 1.

Observations of the ALMA CO(3-2) line in the inner
~400 pc of the CND (Fig. 1, right panel, green) reveal a clumpy
distribution with large cavities, while the CO(6-5) emission
(Fig. 1, right panel, blue) is restricted to filaments located north
and south of the nucleus (Espada et al. 2017). In the ~100 pc
Innermost region of the CND (ICND) (see Fig. 4), Spitzer/IRS
spectroscopy reveals strong H, rotational line emission, from
S(0) to S(7) (Ogle et al. 2010), with an estimated mass of warm
(in a temperature range of 100—-1000 K) H, gas of 3.6 x 107 M,
in the central 3.7 X 3.7”. Ogle et al. (2010) classified Cen A as
a molecular hydrogen emission galaxy (MOHEG) based on its
ratio of Log,, (LH2 /LpAH7_7um) = —0.8 £ 0.1 exceeding what is
expected from models of UV and X-ray heating of the molec-
ular gas (Guillard et al. 2012b). This indicates that additional
excitation processes, such as shocks, are required to account for
the elevated Ly, /Lpan, ,,, values. However, the limited spectral
and spatial resolution of IRS prevented any determination of the
spatial distribution and kinematics of the mid-IR pure rotational
H; lines. Moreover, VLT SINFONI observations reveal the pres-
ence of a nuclear disk (ND) of hot molecular gas of ~50 pc in
diameter (Fig. 1, right panel, red), as traced by the H, 1-0 S(1)
ro-vibrational line emission (Neumayer 2007).

In this work, we used data from the James Webb Space Tele-
scope’s Mid-Infrared instrument (JWST/MIRI) medium resolu-
tion spectrograph (MRS, Wells et al. 2015; Argyriou et al. 2023;
Wright et al. 2023) of Cen A, which were obtained as part of the
MIRI GTO program “Mid-Infrared Characterization of Nearby
Iconic galaxy Centers” (MICONIC) of the MIRI European Con-
sortium. This joint MIRI + NIRSpec GTO program is aimed at
observing the central region of Cen A to obtain a detailed study
of the influence of the SMBH on its environment.

Using JWST/MRS observations of Cen A, we probed the
distribution and kinematics of the molecular and ionized gas in
the inner ~100 pc region of the CND, with a resolution between
0.3” and 0.7” (5 to 12 pc), depending on the wavelength: 50
times greater sensitivity and seven times higher angular res-
olution than Spitzer. This work is the first of two focusing
on the H, emission in the CND; here, we focus on present-
ing the observational results, while paper II will present the
modelling of the H, excitation. Two other companion papers
on MRS observations of Cen A present results focused on
the ionized gas kinematics (Alonso Herrero et al. 2025) and the
properties of the polycyclic aromatic hydrocarbon (PAH) emis-
sion (Pantoni et al. 2026). The MICONIC program also includes
other targets such as NGC 6240 (Hermosa Muiioz et al. 2025),
Mrk 231 (Alonso Herrero et al. 2024), Arp 220 (Buiten et al.
2025), and the region surrounding SgrA*.

The paper is outlined as follows. In Sect. 2 we describe the
JWST/MIRI MRS observations as well as our data reduction.
In Sect. 3 we present a spectral line inventory, our spectral maps,
H, excitation, and mass estimates. Sect. 4. discusses the H, exci-
tation (models will be presented in paper II) and the comparison
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between the H, and ionized gas qualitatively (the kinematics is
further discussed in Alonso Herrero et al. 2025).

2. JWST MIRI MRS observations and data analysis
2.1. Observation strategy and data reduction

This work used data obtained during the JWST Cycle 1 Guaran-
teed Time Observations (GTO) program, PID 1269, performed
on March 19, 2023. The MRS spectra cover a total wavelength
range from 4.9-27.9 um, which were separated into four inte-
gral field units (IFUs) referred to as channels (hereafter CH1,
2, 3, and 4); each of these were split into three bands (short,
medium, and long; hereafter A, B, and C). The channels cover
slightly different fields of view (FoV), from 3.6"” x7.5”” (CH1) up
to 7.7"x12” (CH4), and have different spatial (from 0.19”to 1”)
and spectral (from ~3700 to ~1500) resolutions (Labiano et al.
2021). Spatial and spectral samplings for each channel and
sub-channel are provided in Appendix A, along with the mean
spatial and spectral resolutions (Law et al. 2023; Labiano et al.
2021; Pontoppidan et al. 2024) and the centering and size of the
respective FoVs. The P.A. of the FoV is ~—67°. We used a 2 X 1
mosaic of the central region of Cen A. The footprints of the FoV
of the MRS channels are shown in Figure 1. We used the four-
point extended source dither pattern, which helps to minimize
the continuum wiggles due to the undersampling of the point
spread function (PSF) (Law et al. 2023). We set ten groups per
integration and five integrations per exposure in FASTR1 read-
out mode, covering the whole MRS spectral range in three expo-
sures (one per MRS band); this gave an on-source integration
time of 600s per MRS band. Using the recommended strategy,
we took a free-of-source background observation to the west of
the galaxy group with the two-point extended source dither pat-
tern and the same integration time per band.

The data reduction was done with the JWST Science Cal-
ibration Pipeline (version 1.15.6, Bushouse 2020), with the
context 1293 for the Calibration References Data System fol-
lowing the standard procedures (see, e.g., Labiano et al. 2016;
Alvarez Marquez et al. 2023) for detailed examples of MRS data
reduction and calibration). All of the individual raw images were
first processed for detector-level corrections using the Detec-
torl Pipeline module of the pipeline. Careful examination of the
data showed that the stage 1 corrections (Morrison et al. 2023)
could be run with default parameters, except the cosmic-ray
(CR) flagging jump rejection threshold that we lowered to 3.50,
and the CR shower flagging that we switched on.

Taking advantage of the off-source background images, we
used the image-to-image (2D pixel-by-pixel) background cor-
rection in the stage 2 pipeline (Spec2: Argyriou et al. 2023;
Gasman et al. 2023; Patapis et al. 2024) and the 2D residual
fringe correction (removing fixed-frequency modulations in the
spectrum caused by standing waves). To remove hot or warm
pixels, we flagged outliers in the background exposures and
masked them in both the background and science frames by turn-
ing on bad pixel self-calibration in the Spec2 pipeline, which
uses all dithered exposures of a given detector to find and flag
bad pixels that may have been missed by the bad pixel mask. We
set the maximum fraction of pixels to flag to 0.5%. We switched
off the sky matching step in the stage 3 of the pipeline, before
producing the final fully reconstructed science cubes (Law et al.
2023) as they introduced artifacts in the data'. Since the MRS

' This is acceptable given the strong brightness of the target over the
whole FoV.
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' 20" (=360 pc)

Fig. 1. Zoomed-in view of the inner region of Centaurus A adapted from Espada et al. (2017). Left: Color composite image of Centaurus A. Credit:
ESO/WFI - Optical; MPIfR/ESO/APEX/Weil} et al. (2008) — Submillimeter; NASA/CXC/CfA/Kraft et al. (2003) — X-ray. Center: integrated
CO(2-1) emission map from SMA (green) (Espada et al. 2009); dust emission at 8§ um from Spitzer/IRAC (blue) (Quillen et al. 2006); the jet in
X-ray from Chandra (red) (Kraft et al. 2003). Right: Integrated CO(3-2) and CO(6-5) maps from ALMA (green and blue, respectively); H, 1-0
S(1) map at 2.122 um from VLT/SINFONI (red). The red rectangles in the right panel are the mosaic footprints of the four MRS channels. The

dashed white ellipses outline the CND as defined by Espada et al. (2017).

has a small field of view, its absolute astrometric solution cannot
always be tied to an external reference frame using MRS data
alone, so we used simultaneous imaging to improve the astro-
metric solution of the MRS. We re-aligned the MRS astrometry
thanks to the simultaneous imaging data registered to the GAIA
DR3 catalog, resulting in less than 0.1” residuals. Finally, the
science cubes were rotated to the usual orientation with north
up and east to the left, resulting in FoV sizes ranging from
7.5" x3.8"” for CH1 to 11.7” x 7.2” for CH4.

2.2. Analysis of the spectral cubes

For each of the twelve spectral cubes, we performed individ-
ual 1D-spectral extractions over the respective full FoV. We did
not perform additional 1D de-fringing because we extracted the
nuclear spectrum over an aperture two times larger than the
PSF size. Thanks to the improved spectrophotometric calibration
(Gasman et al. 2023; Law et al. 2025), the extracted spectra did
not require stitching of bands, except for a small scaling factor
(0.97) to align subchannels CH1A and CH1B, the latter assumed
to be better calibrated than the former due to its higher signal-to-
noise ratio (S/N) (see Law et al. 2025). In what follows, we list
our workflow for the analysis of the spectral cubes.

Line identification: The emission lines were identified using
the line list available on the ISO Spectrometer Data Center web-
site?, correcting for the expected redshift of CenA z = 0.001825
(Salomé et al. 2016).

Preliminary 1D line fit: We fitted the identified lines in the
spectra averaged over the full FoV. As a first approximation, each
line was fitted with a Gaussian profile to estimate the spectral
full width at half maximum (FWHM,) and locate the center of
the line. The spectral extent of the line is identified with a 307,
criterion around the center of the line, where we define o, =
FWHM, /(2 V21n2).

Continuum subtracted sub-cubes: To ease the handling of the
cubes, we extracted a set of spectral slabs (sub-cubes) around

2 https://www.mpe.mpg.de/ir/IS0/linelists/index.html

each line. For each sub-cube, we performed a spaxel-by-spaxel
linear fit of the continuum along the spectral axis. The spec-
tral range of these sub-cubes is narrow enough to allow a low
residual linear fit of the continuum. The fitted continuum was
then subtracted. The sub-cubes thus obtained were used to gen-
erate moment maps and to calculate line fluxes. In Appendix C,
Fig. C.2 shows the line profiles extracted from the sub-cubes.
The baseline levels illustrate that the continuum removal is sat-
isfactory.

Continuum maps: We extract a second set of sub-cubes, that
are not continuum-subtracted, to generate maps of the contin-
uum. For each sub-cube, we mask the line and average the
remaining continuum spaxel-by-spaxel along the spectral axis.
To obtain a continuum map (in W m=2 sr™!), we then integrated
the mean continuum level over spectral intervals equivalent to
the extent of the adjacent line (integration bounds marked in
black on Fig. C.2). The continuum maps are used to iden-
tify the location of the AGN, via a 2D Gaussian fit of the
bright centroid (see Sect. 3.5 and Appendix D Fig. D.1). We
hence adopted the measured AGN RA-Dec angular position
13:25:27.63 —43:01:08.30 (J2000).

Masking the central spaxels: The central spaxels present a
continuum level up to two orders of magnitude stronger com-
pared to the ICND. In case of high-contrast signals, the non-
linearity, charge migration, and the scattering of photons in the
MIRI detectors have two effects on the PSF: a broadening effect
(similar to the brighter-fatter effect seen in CCDs) and spectral
fringes (Law et al. 2023; Argyriou et al. 2023). The intensity of
the fringes reaches the same order of magnitude as the intensity
of the lines for the spaxels within 0.23" (4.24 pc), 0.3" (5.53 pc),
0.4” (7.37 pc), and 0.7 (12.89 pc) of the AGN, respectively for
CHI1, 2, 3, and 4, which makes line detection difficult in the
ND. Since the corrections of these effects are still limited in
the current JWST pipeline (Gasman et al. 2025), we conserva-
tively masked those central spaxels where fringes could affect
both the line fluxes and kinematics. Outside of this mask, we
carefully inspected the baselines and potential velocity shifts in
the side lobes. At the wavelengths of the low-J lines, 10, 12, and
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17 um, the PSF broadening effect on the FWHM is small (5%,
3%, and 2%, Gasman et al. 2024), and we see no effect on the
moment-one maps. The continuum maps were used to measure
the angular size of the central continuum-dominated region. We
performed a 2D Gaussian fit of the nuclear bright area and gen-
erated a circular mask of radius 30, (Where o, is the 2D-
Gaussian-fitted radial extent of the area). The mask was then
applied to the continuum-subtracted sub-cubes to exclude the
nuclear fringe-dominated spaxels.

Line detection and spaxel flagging: For each continuum-
subtracted spaxel, the continuum standard deviation osrp
defines the noise level, and a line is considered detected if its
peak intensity exceeds this noise by a threshold of 30-sp. Spax-
els not meeting these conditions are attributed a NaN value. For
the line H, 0-0 S(8), that exhibits a lower S/N, we tested both a
20stp and a losrp criterion.

Moment map extraction: Moment-zero maps are constructed
by integrating the continuum-subtracted sub-cube over the spec-
tral extent of the line, while velocity and velocity-dispersion
maps were obtained from a spaxel-by-spaxel 1D-Gaussian fit
to the line profile. Velocity-dispersion maps are corrected for
MRS spectral resolution. This is performed via quadratic sub-
traction of the observed line width o, with the expected spectral
resolution width at the specific wavelength, as characterized by
Pontoppidan et al. (2024).

Map convolution and re-projection: In order to generate
maps of the H, physical parameters (e.g., temperature, column
density) from the observations, we needed to fit H, excitation
diagrams on a spaxel-by-spaxel basis. This requires maps from
different MRS channels to be convolved to the same resolution
and projected on a common spatial grid. The convolution is per-
formed with a Gaussian kernel, with FWHM set to match the
resolution of the least-resolved line (0.67" or 12 pc for the H,
0-0 S(1)) and amplitude normalized to preserve flux. For the
re-projection, we used Python’s reproject_interp routine to
preserve flux and choose the intermediary grid of CH2 with a
spaxel size of 0.17” (or 3 pc).

3. Results
3.1. Centaurus A mid-IR spectral inventory

The spectra extracted from the JWST/MRS data cubes are shown
in Figure 2, averaged over two regions of the FoV?: an inner
region, located inside a 1.3”-radius (24 pc) from the AGN, cov-
ering the ND, and a surrounding region covering the ICND. We
chose an extraction aperture radius about two times larger than
the PSF at 17 um. The spectra show a rich collection of emis-
sion lines, including both molecular hydrogen and recombina-
tion lines. In particular, we identify the suite of pure rotational
lines of H, from S(1) to S(8), the latter being observed for the
first time in Cen A. Table 1 details the wavelengths and widths
of the H; purely rotational lines. We also identify emission lines
from the ionized gas, such as [STI] at 18.75um, [NellI] at
15.583 wm, [Ne11] at 12.837 wm, and [Ar11] at 6.98 um. We redi-
rect the reader to Alonso Herrero et al. (2025) for a detailed anal-
ysis of the ionized gas. Finally, we observe signatures of PAHs in
the ICND. A detailed analysis of the PAH features is performed
by Pantoni et al. (2026).

Line fluxes are listed in Appendix C (Table C.1) for differ-
ent regions of the FoV. As the lines are spectrally resolved their
fluxes were calculated by integrating the continuum-subtracted

3 The spectra from the different channels are shown in Appendix C
(Figure C.1), averaged over the same regions.
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profiles (shown in Figure C.2 with respective integration bound-
aries). We applied the aperture correction factors provided by
Law et al. (2025) (11-13% for the nucleus and 5% for the larger
apertures). For ionized gas lines that have non-single-Gaussian
profiles (e.g., asymmetrical or a broad underlying velocity com-
ponent, such as [Nell] or [Arll]), we find nuclear fluxes 10—
15% larger than those computed by single Gaussian fitting
(Alonso Herrero et al. 2025), because we are accounting for the
underlying broad velocity component.

3.2. Spatial distribution of the molecular gas

The surface-brightness maps of the molecular hydrogen lines
0-0 S(1) and S(5) are presented in Figure 3 (left-side panels),
which illustrates the heterogeneous morphology of the gas at dif-
ferent excitation levels*. The maps show diffuse emission, with
clumps and filaments spreading over distances on the order of
10 pc, forming a complex disk-like structure. Low excitation H,
is brighter in the ICND, whereas high excitation H, peaks near
the ND.

The S(1) map presents two bright hotspots, one north (a)
and one south (b) of the AGN. The ND presents a cavity that
overlaps the superimposed VLA radio contours of the jet in
black (Hardcastle et al. 2003). This alignment suggests that the
jet interacts directly with the weakly excited H,.

The S(5) map shows a morphology that is opposite to that
of the S(1). The central cavity disappears in favor of two hot
patches, (c) and (d), extending for 1" (18 pc), respectively, north-
east and south-west of the AGN (see contour levels in the bottom
right panel of Fig. 3). These patches align with the black con-
tours of the [Ne VI] ionized gas line at 10.51 um, which shows
morphological correlation with the jet (Alonso Herrero et al.
2025). The white contours locate the hotspots (a) and (b) of the
S(1) map, revealing alignment with the S(5) filaments, especially
to the north. The filaments appear to gather into what we define
as a spiral streamer (see Sect. 3.3).

Figure 4 provides a schematic of the morphology of the main
molecular gas features, consistently with existing literature. The
figure also shows the PAH ring studied by Pantoni et al. (2026),
which displays the same disky structure of the S(1), with a dis-
tinct PAH-deficient area overlapping the (a) hotspot.

The orange contours from ALMA trace the lines of CO(6-
5) at 434 um, on the S(1) panel, and CO(3-2) at 870 um, on
the S(5) panel. The contours show the relative scarcity of cold
gas in the FoV, with CO(3-2) presenting large cavities filled by
H,. Another possible interpretation of the CO cavities may be
flux loss due to low spatial frequency filtering in the SMA and
ALMA interferometers.

The CO(6-5) contours show two filaments, respectively
north and south of the AGN that intersect the H, filaments at
the location of the hotspots (a) and (b). These bright intersection
points have already been presented by Espada et al. (2017), the
authors of which describe their emission as shock-driven. CO(6-
5) also presents a clump to the east (RA~ 3” from the AGN)
that overlaps a faint cavity in Hj.

Figure 5 plots the surface-brightness radial profiles of the H,
lines showing the radial gradient of the excitation. H, emission
peaks in the outer regions of the map for S(1) and S(2), halfway
through for S(3) and S(4), and near the center for all the other
lines from S(5) to S(8).

4 The surface-brightness maps of the other H, lines can be found in
Appendix D (Figure D.2).
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Fig. 2. Nuclear (top) and circumnuclear (bottom) averaged spectra obtained from the four channels of MIRI-MRS. The two regions of extraction
are delimited by a 1.3”-radius circle (24 pc), as shown on the small inset image (continuum map at 17 um). This aperture corresponds to 2xFWHM
of the PSF at the wavelength of 0-0 S(1) line. The identified emission lines are labeled in different colors. Brackets are omitted from the spec-
troscopic notation for visual clarity. The H, rotational lines are labeled in yellow. The main PAH features are indicated with gray vertical bands.
Zoomed-in views of the spectra on the different MRS channels are displayed in Appendix C, Figure C.1.

The masked spaxels at the center of the maps conceal
the innermost part of the region analyzed by Neumayer et al.
(2007) where SINFONI observations of the H, 1-0 S(1) line at
2.122 um reveal emissions of hot molecular gas within 3" (54 pc)
of the AGN. Most of the warm H, in the ICND is hence at the
interface between the hot molecular gas of the ND and the cold
CO of the CND. This result, along with the radial gradient in the
peaking excitation for Hj, is consistent with the gradient in the
CO(6-5)-to-CO(3-2) flux-density ratio reported by Espada et al.
(2017).

3.3. Molecular gas kinematics

The velocity maps for the H, 0-0 S(1) and S(5) lines® are
presented in Figure 3 (right panels). They reveal a global
rotation pattern around an axis at PA;, ~50°, which is simi-
lar to PAje, measured by Neumayer et al. (2007). The line-of-
sight velocities range from [—180, +110] km s~ for the S(1)° to
[-120, +120] kms~! for the S(5). For the ionized gas lines such
as [Ne1r] at 12.837 wm, [Ar II] at 7 wm, and [Fe 1] at 5.3 um,
Alonso Herrero et al. (2025) found significant velocity disper-
sions up to 3 times stronger than H,. Table 1 provides the veloc-
ity dispersions for the H, lines, obtained via a single Gaussian
fit, in the full FoV and in the different subregions. The velocity
dispersion is corrected for MRS spectral resolution.

We observed noncircular motion components, most notably
a characteristic S-shaped distortion, visible in white (close to

3 Velocity and dispersion maps for all H, transitions are shown in
Appendix D (Figures D.3 and D.4).

6 The skewness in the S(1) velocity field is localized to a narrow,
blueshifted region in the southeastern corner of the map, at the limit
of the FoV.

the systemic velocity) in all H, velocity maps, already noted by
Alonso Herrero et al. (2025). The overlaid contours in Figure 3
trace the level lines from the brightness maps in gray, the (a) and
(b) hotspots in green, and the line of the nodes of the warped-
disk model from Neumayer et al. (2007) in black. If the hotspots
are the result of higher column-density regions due to projection
effects on a warped-disk model, we would expect them to align
with the line of the nodes. The (a) hotspot from the S(1) map
aligns with the redshifted segment of the S-shaped distortion
and follows the line of the nodes; however, the (b) hotspot does
not show the same alignment. Alonso Herrero et al. (2025) com-
pared the observed velocity field with a *® BAROLO warped-
disk model (Di Teodoro & Fraternali 2015) and found residu-
als between —40 and 40kms~!, proving that the warp alone is
insufficient to explain the distortion in the velocity field. There-
fore, noncircular components must also be present as already
concluded by these authors.

Figure 6 shows the velocity-dispersion map of the H;
0-0 S(5) line, which presents a low-velocity-dispersion
(FWHM ~ 70-90kms™") spiral structure (20pc wide) that
encompasses the H, filaments (Fig. 3, left). This coherent
low-dispersion structure and the homogeneous surface bright-
ness and H, excitation (see Sect. 3.4) are features commonly
observed in systems where a bulk inflow has been identified
(Miiller Sanchez et al. 2009; Dominguez-Ferndndez et al. 2020;
Tanaka et al. 2026). For these reasons, we refer to this structure
as a spiral streamer.

Although the rotational H, line profiles averaged over the
entire FoV are well reproduced by single Gaussian compo-
nents, we note that, locally, the H, lines exhibit slight asymme-
tries, particularly in the central regions. Figure 7 presents the
spatially averaged line profiles of the 0-0 S(1) and 0-0 S(5)
transitions extracted over the full FoV and over two elliptical
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Fig. 3. Surface-brightness maps (left) and velocity maps (right) of the H, lines 0-0 S(1) at 17 um, and S(5) at 6.9 um, with central spaxels masked
due to spectral fringing (see Sect. 2.2). The FWHM of the MRS PSF of the respective channel is shown in the lower right corner. The black
contours on the top left map are 8.5 GHz radio VLA contours (0.22, 3.3, and 16 mJy beam™") from Hardcastle et al. (2003), tracing the jet that
aligns with a central cavity seen on the S(1) (note that the VLA beam has a strong north-south elongation). The orange contours on the top left map
are 434 um ALMA CO(6-5) contours (0.01, 0.07, 0.12, 0.18, 0.24, and 0.30 Jy km s~! beam™"), while those in the bottom left panel are 870 um
ALMA CO(3-2) contours (—0.10, 1.17, 2.45, 3.72, 5.00, and 6.28 Jykms~! beam™!) from Espada et al. (2017). CO(6-5) is scarce, and most of
CO(3-2) shows large cavities filled by warm H, emission. The black contours on the bottom left map are JWST IR contours tracing [Ne VI] at
10.51 um, which features an alignment with the H, 0-0 S(5) hot patches and with the jet. The dashed gray contours on the left maps highlight
the two bright hotspots (a) and (b) visible on the S(1) map. The hotspots align with the filaments on the S(5) map and the northern filament
visible in CO(3-2) and CO(6-5). The same contours are superimposed in green on the right-hand maps, along with the gray contours tracing the
relative surface-brightness maps, and the dashed black line tracing the line of the nodes of the warped-disk model from Neumayer et al. (2007).
The contours of the hot S(5) patches aligned with the jet <20 pc from the AGN are labeled (c) and (d) in the bottom right panel.

regions located north and south of the AGN, along the line 3.4. Excitation of the molecular gas
of nodes of the warped disk (regions highlighted in red in
Fig. 6) near the basis of the S-shaped distortion. The pro-
files show residuals from the single Gaussian fits exceeding
the ~30stp level, with deviations centered around —100 and
+100kms~!. This pattern may trace enhanced velocity disper-
sion resulting from the adiabatic compression of infalling gas
onto the central regions of the CND (Vollmer & Davies 2013). 3.4.1. Excitation diagrams

Alternatively, it could reflect the presence of a radially out- o ) o o
flowing component (Alonso Herrero et al. 2025), possibly aris- We constructed H; excitation diagrams from the line intensities

ing from inhomogeneous emission within an expanding shell averaged over three regions (see Table C.1): the FoV of CHI,
or bubble, where projection effects lead to asymmetric contri- the ND, and the ICND. We assume that the ND emission is con-

butions from the approaching and receding sides. Both types tained in a circle with a 2xFWHM radius. The excitation dia-
of velocity structures are commonly seen in numerical simu- &rams, which are shown in Figure 8, display the logarithm of the
lations of CNDs (Guo et al. 2024) and in jet-driven outflows UPPer level column densities divided by their statistical weights

(e.g., Mukherjee et al. 2018; Mukherjee 2025) (see discussion (degeneracy), log N, /g,, as a function of the energy of the upper
in Sect. 4.5). level of the transition in kelvin, E,/kp. The diagrams show a

We present our observational results on H, excitation, comparing
different regions, and on a spaxel-by-spaxel basis. The detailed
physical modelling of the H, excitation will be treated in the
companion paper II.
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Fig. 4. Sub-kiloparsec scale schematic of the center of the Cen A. The
straight dotted line represents the direction of the jet. The red semi-
transparent annulus represents the molecular CND. The black ellipse
represents the nuclear ring of CO described by Espada et al. (2017).
The brown bars north and south of the AGN represent the filaments of
CO(6-5). The blue shape traces the contours of the low dispersion spi-
ral of warm H, filaments (see Fig. 3 and Fig. 6). The green ellipses
represent the S(1) hot spots (a) and (b) (see Fig. 3, upper left). The pur-
ple ellipses represent the S(5) hot patches (c) and (d) (see Fig. 3, bot-
tom left). The pink inner empty ring in the center represents the ND of
hot gas analyzed by Neumayer et al. (2007). For reference, the dashed-
dotted rectangle represents the FoV of CH3. The ICND is the region of
the CND covered by our FoV (including H,). The yellow semitranspar-
ent annulus represents the PAH ring analyzed by Pantoni et al. (2026).

typical curvature, which is indicative of a distribution of gas tem-
peratures.

We find that the diagrams in the three different regions can
be fitted by a simple two-temperature model, and we used the
PDRTPY routine to derive temperatures, column densities, and
H; ortho-to-para ratios (Pound & Wolfire 2022). At molecular
cloud densities, typically ng = 103 cm™, the first levels (J, =
1-5) of H, are thermalized, so they can be used to estimate
the total column density, Ngln), and the warm gas temperature
component, which we find to be within a range of ~250-420 K.
The higher levels, J, > 5, corresponding here to transitions
from 0-0 S(4) to S(8), are non-thermalized, and we find exci-
tation temperatures ranging from ~900-1400K. The routine
also corrects column densities of the odd J transitions by fit-
ting the H, ortho-to-para ratio (OPR). The column density of
the J, = 3 level (corresponding to the S(1) line) over the full
FoV is (2.7 — 7.6) x 10" e¢m™2, so it is well below the critical
column density (3.2 X 10% cm™2 for J, = 3). The H, lines are
thus optically thin in the ICND.

Estimating the optical depth of the ICND is difficult because
the strong mid-IR continuum of the unresolved nucleus out-
shines part of the ICND, and the 9.7 um silicate absorption
feature is faint. In fitting the Spitzer/IRS spectrum with the PAH-
FIT tool (Smith & Draine 2012), which assumes a mixing of the
dust and the emitting gas, Ogle et al. (2010) estimated an optical
depth of 0.5 to 0.8 in the 5-30 wm range, except in the silicate
absorption band, near the S(3) line, where it reaches a high value
of 2.2. This is an upper limit for the ICND because, as shown in
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Fig. 5. Radial profile of mean surface brightness as a function of the
projected distance from the AGN. The brightness was averaged within
concentric elliptical annuli of ellipticity 0.5 and PA =155° (following
the geometry of the CND). The thickness at the major axis is 0.25”
(4.6 pc) for each annulus. The S(1) and S(2) lines grow brighter farther
from the AGN, while lines from the S(5) to S(8) peak near the AGN and
grow fainter farther out.

Table 1. List of velocity dispersions for every H, line, obtained via
single Gaussian fit.

Line width (FWHM) [km s™']

0-0 Full ND ICND (a) (b)
S(1) 206+5 124+5 210x5 78«5 107«5
S2) 189 +5 127+5 199+5 65+5 102+5
S3) 193+3 1613 199+3 82+3 115+3
S@) 199+4 169+4 206+4 83+4 109+4
SG5) 185+3 163+3 196+3 92+3 109+3
S@6) 169+3 165+3 173+3 65+3 91+3
S(7) 183+3 169+3 187+3 62+3 943
S@®) 178+3 172+3 176+3 59+3 99+3

Notes. Extractions were performed in the full FoVs (Full), the ND, the
ICND, and respectively in the (a) and (b) hotspots (see Fig. 3).

Fig. 2, the silicate absorption feature is located in the ND, and
is much less prominent outside. We hence estimated the extinc-
tion of the S(3) line in the ND from the S(4)/S(3) line ratios
following Reefe et al. (2025), which we explain in Appendix F.
We find an optical depth of 79 7ym = 0.9, which is in agreement
with the estimates based on the modeling of the dust continuum
(Alexander et al. 1999; Karovska et al. 2003). The S(3) line in
the nuclear excitation diagram in Figure 8 (green) is corrected
accordingly.

The results of the fits are listed in Table 2, along with the H,
and total gas masses integrated over the respective FoVs for the
different regions. These results show heterogeneous excitation
among the different observation regions, with excitation temper-
atures peaking in the ND at ~420 K for the thermalized levels
and almost 1400 K for the higher levels. The OPR is estimated
to be around two in the ICND and around three in the ND.
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Fig. 6. Velocity dispersion map of H, 0-0 S(5) line. The green contours
trace the (a) and (b) hotspots identified in the S(1) map. The white con-
tours represent the surface brightness of the line, with the (c) and (d)
hot patches labeled. The black line indicates the line of the nodes of the
warped-disk model from Neumayer et al. (2007). The low-dispersion
(70-90 km s~!) spiral streamer overlays the S(5) filaments (white con-
tours) and is consistent with a coherent bulk gas flow. The red ellipses
trace the regions where 1D-Gaussian fits of the S(1) and the S(5) reveal
residuals >30sp (see Fig. 7).

The fit yields a total column density for H, at 300 K around
8.2 x 10%* cm~2 which drops in the ND by a factor of four. This
is consistent with the central cavity observed in the S(1) map,
since this line traces most of the warm molecular mass.

3.4.2. Spatial variations of H, temperature and ortho-to-para
ratios

We present the warm and hot excitation temperature maps (in
K), as well as the OPR map, which were generated using the
PDRTPY routine (Pound & Wolfire 2022) on the convolved and
reprojected maps, as shown in Figure 9. The two upper pan-
els display the excitation temperature maps. The hot regime
map (right) reveals a hot central region surrounding the AGN
with excitation temperatures peaking at 1400K and decreas-
ing outward into the ICND. This morphology identifies the ND
where the excitation of Hj is likely driven by UV/X-ray radi-
ation from the AGN (Borkar et al. 2021; Vollmer et al. 2022),
with most of the emission arising from higher rotational lines, 0—
0 S(4) to S(8) and ro-vibrational line emission (Neumayer et al.
2007). In contrast, the warm regime map (left) shows a colder
nuclear cavity, with temperatures in the ICND up to 300 K. The
warm map also reveals a warmer region on the eastern (left)
side of the disk, with temperatures up to ~50K higher than the
western side. This region overlaps with the area identified by
Alonso Herrero et al. (2025) as showing enhanced [Ne III]/[Ne
11] ratios and by Hermosa Muiioz et al. (2025) as exhibiting cor-
related mid-IR spectral properties, all pointing to distinct physi-
cal processes operating there.

The OPR map (bottom left) exhibits pronounced spatial vari-
ations across the FoV, with values ranging from 1.6 to 2.4 and
never reaching the LTE value of three. The OPR attains its
highest values, exceeding 2.2, in the eastern and north-eastern
regions, coinciding with the warmer area identified in the tem-
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Table 2. Physical parameters fitted from the excitation diagrams.

CHI1 ND ICND
FoV [arcsec?] 28.5 6.3 22.2
Thot [K] 1252 +45 1391 139 1209 + 44
Toarm [K] 291+7 41612  286+7
OPR 20£0.1 29+01 20=x0.1
NGV [10°em™] 8209  22+02  9.0x1.0
Mglz“) (105 Mo] 14+£02 008+001 12+0.1
MP™ [10°M]  29£11  046+0.09  25+9
M%E;’W) [10°M,] 39+15 0.63+0.12 35+13
MO [10°Ms]  5.6+1.4  056+0.11 50+12
MggOK) [10°Ms] 7.6+19 076+0.15 68=+16

Notes. The fits were performed over the full FoV of CH1, inside (ND),
and outside (ICND) a circle of radius 2xFWHM centered around the
AGN. The fits for the excitation temperatures Tho and Tyam Were per-
formed with a two-linear-component method (Figure 8) and correcting
for the ortho-to-para ratio (OPR) between odd and even transitions. The
H, column densities, N(hz“), were integrated over the different regions

to obtain the respective masses: Mgﬂ"). Mg;w) is the mass estimated via

power-law fit of the excitation diagrams (see Sect. 3.6). MI({IZOOK) is the
mass estimated with the same method but by also setting a limit on the
minimum temperature of the fit at 100K (see Appendix E). M™ and

MéLSOK) are the masses corrected by a factor 1.36 to account for He.

perature map (top left). This side of the map corresponds to the
portion of the disk where the jet is oriented toward the observer.
In contrast, the ratio decreases below 1.9 in two distinct regions
located north and south of the AGN. Notably, the northern low-
OPR region overlaps with the (a) hotspot (see Fig. 3).

3.5. Continuum emission and H,-to-continuum ratio

Table 3 provides the luminosity ratio between the mid-IR
H, lines and the monochromatic continuum at 24 um, to
allow a comparison with previous studies (Ogle et al. 2010;
Guillard et al. 2012b; Vivian et al. 2022). We computed the con-
tinuum luminosity, Lo4um, as the specific intensity of the cube at
24 um; this was integrated over the entire FoV and multiplied by
the frequency ¢/24 um, where c is the speed of light. The ratio
Ly, /Loaum presents a difference of almost two orders of magni-
tude between the ICND and the ND, where the continuum is
stronger (see Table 3).

Figure 10 presents the spaxel-by-spaxel Lgi)/Li7um lumi-
nosity ratio between the H, 0-0 S(1) line and the adjacent
monochromatic continuum at 17 um. We find that this ratio has a
strong dependence with the projected distance from the AGN in
the innermost part of the CND (<1.8" or 30 pc) and then is con-
stant with radius. The radial variation of the Lg(1)/Li7.m ratio is
primarily governed by the continuum intensity, as the S(1) sur-
face brightness varies by less than a factor of two over this dis-
tance range. UV PDR models predict a maximum value for the
H»-t0-PAH7 7,» luminosity ratio of 0.04 (including X-ray pump-
ing) (Guillard et al. 2012b). Given the ratio, Lpan;,,,,/Li7um =
0.1, between the PAH 7, and the continuum at 17 um averaged
over the ICND, we rescaled the PDR limit to 4 x 1073, The total
H,-to-17 um continuum ratio exceeds this limit for all spaxels
>1.3" (or 24 pc); therefore, we ruled out UV+X-ray heating as
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Fig. 7. H, 0-0 S(1) and S(5) line profiles averaged over the FoV of CH1 (left) and the two elliptical regions located at the base of the S-shaped
distortion, as indicated in red in Fig. 6 north (center) and south (right) of the AGN. Uncertainties are highlighted over the plots. The residuals
shown beneath each profile trace the deviations from 1D-Gaussian fits with respect to a 3ostp criterion (horizontal dotted line). Clear deviations

are noticeable for both lines at +100kms™!
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Fig. 8. Excitation diagrams for H, extracted from the averaged cubes,
over the full FoV of CHI (blue), inside (green), and outside (red) a circle
of radius 2xFWHM centered around the AGN. The triangles represent
the column densities corrected for the OPR. The dashed lines represent
the two-temperature linear fits. The S(3) column density is corrected for
extinction in the ND via the method presented by Reefe et al. (2025)
(see Appendix F). The uncorrected S(3) column density is indicated by
the green cross. The deviation of the S(7) from the fit in the ND is due to
the difficult de-blending with the [MgVII] line at 5.51 wum. The results
of the fits are listed in Table 2.

the dominant excitation mechanism of the H, emission in the
ICND (see discussion in Sects. 4.1 and 4.2).

We also provide continuum maps in Appendix D
(Figure D.1). Table B.1 indicates the spatial FWHM of the
centroid of the continuum emission estimated via a 2D-
Gaussian fit of the maps. The measured widths are compatible
with the expected MRS spatial resolution (Law et al. 2023),
suggesting that the emitting source is unresolved.

3.6. Molecular mass gas and dynamical mass

We present our estimate of the total H, mass. The bottom right
panel of Figure 9 shows the surface-density map, in Mg pc~2,
generated using the PDRTPY routine (Pound & Wolfire 2022).
Since the column density is dominated by the lowest energy
levels, the map closely resembles the morphology of the O-

, except for the S(5) on the FoV of CH1, where deviations are within the limits.

0 S(1) line, with hotspots (a) and (b) clearly visible, and bearing,
respectively, 30% and 20% of the whole mass, while the eastern
region shows a column density almost one order of magnitude
lower than that of the hotspots. From this map, we integrated a
total molecular hydrogen mass of Mg:ap) = 8.1 x 10*M, over

a FoV of 19.8 arcsec?. This result is consistent with the mass
Mﬂlz") = 1.4 x 10° My, obtained from the linear fit of the exci-
tation diagrams reported in Table 2 for the FoV of CHI1, once
we account for the fact that the FoV of the surface density map
is 40% smaller due to flagged spaxels. A comparison with the
cold mass gas estimate from Espada et al. (2017) is provided in
Section 4.4.

Since the S(0) line is outside the MRS spectral coverage, the
mass estimate from the two-linear-component fit of the exci-
tation diagram is limited to the ~300 K warm gas. We used
the H2Powerlaw’ tool from Togi & Smith (2016) to perform a
power-law fit of the excitation diagrams to extrapolate the mass
of H, to lower temperatures. The power-law fits are presented in
Appendix E, Figure E.1. These fits estimate the mass Mg:w) for
H; to the lower fitting temperatures, 7oy, of 110 K in the nucleus
and 60 K in the ICND. Since H, does not radiate in IR at 60 K,
we increased the lower limit of the fit, T},y, to 100 K, and hence
find a mass M](_[leOK) about five times lower than Ml(_fzow) in the
ICND. These results are listed in Table 2.

Figure 11 shows the position—velocity (PV) diagram
extracted along the line of the nodes defined by the warped-
disk model from Neumayer et al. (2007). We followed the line
of the nodes to ideally maximize the projected line-of-sight
bulk velocity component. The wavelength solution calibration of
Argyriou et al. (2023) through the MRS wavelength range was
used to compute the uncertainties on velocities. Due to masking
of the central spaxels in our maps, we were unable to trace the
gas dynamics within the black hole’s sphere of influence, which
is marked by the vertical blue lines at 0.8” (15 pc) from the cen-
ter (Neumayer et al. 2007).

Assuming a Newtonian approximation, the dynamical mass
enclosed within a sphere of radius r is given by

r v P
G |cos(i)|

where G is the gravitational constant, V is the projected line-of-
sight velocity, and i is the inclination angle. We adopted a radius

Mdyn =

ey

7 https://github.com/astrolojo/H2Powerlaw
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Fig. 9. Maps of physical parameters constructed with the PDRTPY routine (Pound & Wolfire 2022) via spaxel-by-spaxel two-linear-component fit
of the excitation diagrams: T, map of the warm temperature fit component (upper right); 7}, map of the hot temperature fit component (upper
left); H, ortho-to-para ratio (OPR) map (bottom left); surface-mass map (bottom right). The maps were convolved to the resolution of the H, 0-0
S(1) map and reprojected to the spaxel grid of CH2. The FoV is limited to the spaxel coverage of the smallest map. The H, 0-0 S(6) and S(8)

maps were excluded due to the high number of flagged spaxels.

of r ~ 4" and estimated V as the average S(1) velocity in the
radial interval between 3.5”” and 4.5”. Position angle values were
taken from Neumayer et al. (2007) and span around a median of
PAodes ~ 155°. This yields a dynamical mass of (5 + 0.4) X
108 My, Such estimate encompasses the contributions from H,,
stellar mass, and the central SMBH.

4. Discussion

4.1. High H,-to-dust IR emission ratio: Possible evidence for
shock excitation

We discuss here how the results that we present can be inter-
preted as indicators of different sources of excitation. Ogle et al.
(2007, 2010) defined an empirical threshold of Ly, / Logym = 0.02
between H; line emission and continuum at 24 um to classify
galaxies that present significant non-radiative heating of the gas
(so-called MOHEGS). The results presented in Section 3.5 show
that this limit is exceeded in all regions studied in this work
except the nuclear region. Ogle et al. (2010) revisited this crite-
rion, as it does not account for the variation in AGN contribution
to the continuum emission, and the authors proposed the ratio
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Ly,/Lpan, ,,, as a much better tracer of the relative contribution
of mechanical heating with respect to radiative heating. Table 3
presents the ratios computed from the PAH; 7, flux provided
by Pantoni et al. (2026) using PAHDecomp (Donnan et al. 2023,
2024). The ratio is above the limit of 0.04 expected from PDR
models (Guillard et al. 2012b) in all regions. Although the PAH
feature in the ND does not emerge clearly from the continuum,
we estimate a Ly,/Lpaw, ,,, ratio in the ICND that is four times
higher compared to the ND. This is consistent with Israel et al.
(2017), which found shock-excited gas at <1000 K from the 1-0
S(J) line ratios observed by Herschel. Such ratios strongly sug-
gest that collisional excitation from shocks in the ICND provides
a major source of molecular hydrogen excitation.

Espada et al. (2017) supported the same conclusion for CO,
indicating the non-axisymmetric morpho-kinematics and the
resulting torque exerted on the gas as possible causes of loss of
angular momentum. The same argument can be extended to the
non-axisymmetric, H morpho-kinematical features, reinforcing
the importance of shocks in energy and angular-momentum dis-
sipation for the molecular gas.

Strong H,-to-PAH ratios have been observed in 3C 293 by
Riffel et al. (2025) and in IC5063 by Dasyra et al. (2024) and
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Table 3. Luminosity ratios between the sum of the mid-IR H; lines (S(1) to S(8)) and the monochromatic continuum at 24 um, 17 um, the PAH7 7,m,

feature, and the X-ray luminosity (2-10 keV).

Ratio Full ND ICND CHI (a) (b)
Logio (L, /Lagun) 260+ 004 -373+004 -157+0.04 -2.66+004 -1.78+004 —2.02=0.04
Logio (L, /Li7um) 243 £0.04 -357+004 -138+£004 -252£0.04 -146+004 —1.73+0.04
Logio (Lu,/Leat ) —0.48+0.03 —1.05:0.02 —0.38+0.03 - - -
LOglO (LHZ/LX(Z—IOkeV)) -2.36 £ 0.04 -3.29 £ 0.04 -1.89 + 0.04 - - -

Notes. Extractions are from the entire FoV (Full), the ND located within an aperture of radius 2xFWHM, the ICND outside, the area covered by
the FoV of CH1, as well as the (a) and (b) hotspots (see Section 3.2 and Figure 3). Each H, line luminosity is extracted in its respective spectral
MRS channel. The monochromatic continuum luminosities are extracted from the sub-cubes (see Sect. 3.5). The PAH; 7., fluxes are provided by
Pantoni et al. (2026). The Lx-10 kev) values were obtained from Ogle et al. (2010). The spatial resolution for the PAH7 7,, and X-ray observations
is not sufficient to perform smaller aperture extractions for the CH1, (a), and (b) regions.
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Fig. 10. Spaxel-by-spaxel plot of the ratio between the H, 0-0 S(1)
luminosity and the monochromatic continuum luminosity vL, at 17 um
(with L, spectral luminosity). The ratio increases with the projected dis-
tance from the AGN up to 30 pc, pointing at a stronger non-radiative
excitation of H, in the outer parts of the ICND. The horizontal dashed
line indicates the UV PDR limit from Guillard et al. (2012b) rescaled
using the Leaty 7 / L17um ratio of the PAH; 7., and the continuum at
17 wm (averaged over the ICND).

will be discussed for other radio-loud AGNs by Riffel et al, in
prep, particularly in regions where the velocity dispersion is high
(up to ~500kms™).

4.2. H, emission from dissipation of turbulent mechanical
energy

We first examine the role of turbulent heating in maintaining the
observed H; emission. Following Guillard et al. (2012a), the tur-
bulent heating rate required us to maintain the H, luminosity,
which can be estimated from the energy dissipation rate and is
expressed as the luminosity-to-mass ratio Ly, /My,, where My,
is the mass of H, at 300 K. If the emission is entirely powered
by turbulent dissipation, the following relation holds:

21 My,

2

where the left-hand side of the equation is the turbulent heating
rate (Mac Low 1999), o7 the turbulent velocity dispersion, and /
the characteristic size of the region over which the dispersion is
measured.

Ogle et al. (2010) reported dissipation rates between 1 and
33 Ly/Mg for their sample of MOHEGs. Over the CH1 FoV,
we derived, for Centaurus A, a dissipation rate of Ly, /MSIZ") =
443 Ly/Mp; therefore, within the MOHEG range. Adopting
Iroy = 4.5”, corresponding to the width of the FoV in CHI, we
inferred a turbulent velocity dispersion (FWHM) of 270km s~!
required to sustain the observed H, emission. This is 40% higher
than the observed mean velocity dispersion (see Table 1). How-
ever, at the scale of the FoV, the complex gas kinematics and
disk geometry make it difficult to quantitatively isolate the tur-
bulence from the rotational and radial bulk flow components in
the velocity-dispersion field.

Locally, at the PSF scale lpsgp, we can identify regions
where the rotational component is small, especially close to the
minor kinematic axis along the H, filaments. Here the turbu-
lent motions dominate the velocity field. Assuming lpsp = 0.3”
(6pc), corresponding to the PSF size in CHI1, we computed
the turbulent heating rate for velocity dispersions between 70
and 90kms~!, as observed along the coherent spiral streamer
in the S(5) dispersion map (Fig. 6). This yields turbulent heat-
ing rates of 1.7 and 2.6 Ly/Mg, respectively. Over the same
lpsg = 0.3 aperture along the spiral streamer, we measured
a luminosity-to-mass ratio of Ly, /MI({Z‘;SF) ~ 2.7 Lo/Mg. At the
10 pc scale, the dissipation rate thus matches the estimated tur-
bulent heating rate, suggesting that the dissipation of mechanical
turbulent energy significantly contributes to the excitation of the
molecular gas. This is in agreement with theoretical models and
observations of the CND in the galactic center of NGC 1068
(Vollmer et al. 2022).

4.3. X-ray heating and CR heating of the H, gas

We discuss the impact of X-ray photons from the AGN
corona and of CR on H; excitation. Using X-ray-dominated-
region (XDR) models (Maloneyetal. 1996), Ogle et al.
(2010) estimated a maximum Hj-to-X-ray luminosity ratio of
Lu, /Lx@2-10 kevy $ 0.01 in X-ray-dominated environments. This
value assumes that all the X-ray flux is absorbed by the XDR
and that the fraction of the absorbed X-ray flux that goes into gas
heating by photoelectrons is high (40%), but it could be a factor
of two lower. The Chandra X-ray luminosity of the central,
unresolved, point-source is Lxo-10kevy = 5.01 x 10* ergs™!
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Fig. 11. PV diagrams of H, gas extracted from the rotational line velocity maps. The path chosen follows the line of the nodes of the warped-disk
model from Neumayer et al. (2007) to maximize the projected velocity component. The small quadrant shows the S(1) velocity map with the path
of extraction for reference. Every point in the diagram is averaged on a square of nine spaxels (120 pc?) following the black line. A typical 1o
error bar of 30km s~ is given on the right. The dashed blue lines represent the expected radius of influence of the SMBH given the mass estimated

by Neumayer et al. (2007).

(Ogle etal. 2010). Given Chandra’s PSF profile (Kraft et al.
2002), less than 30% of Lx2-10 kevy can come from the ICND
(within 1.3"” or 24 pc of the AGN). This yields a Ly, /Lx(2-10 kev)
ratio of 0.001 (lower limit) in the ND and 0.013 (upper limit)
in the ICND. The former ratio is below the upper threshold of
the XDR models, while the latter exceeds it, which suggests
that radiative heating dominates in the ND, while additional
heating mechanisms are required in the ICND; this is consistent
with the results shown in Figure 10. A detailed modeling of the
contribution of XDRs to the H, line emission is out of the scope
of this paper.

For CR heating of the H, gas, we can estimate the ioniza-
tion rate ¢ required to sustain the H; line emission. Assuming
an ionization energy of 4 eV per ionized molecule (MEUDON
code, Le Petit et al. 2006), given the mass of an H, molecule,
my,, and based on the luminosity-mass ratio, we find { =
my, (LHz/Mﬂ;”)) / 4eV ~ 4.5 x 10712 57! This result is five
orders of magnitude higher than the typical ionization rate in
the Milky Way (Shaw et al. 2006), one order of magnitude
above the average found by Ogle et al. (2010) for MOHEGs,
and more than two orders of magnitude above the ionization rate
observed in the central molecular zone of the Galactic center
(Ravikularaman et al. 2025). CR heating is thus unlikely to be
the main powering source of the H, line emission over the scale
of Cen A’s ICND.

4.4. Comparison of total molecular gas mass with Spitzer
and ALMA

We compared our gas-mass estimates with those from previ-
ous studies. Using Spitzer observations integrated within a 13.7
arcsec” FoV, Ogle et al. (2010) derived a total H, column den-
sity of 5 x 10! cm™ by fitting the excitation diagram with three
temperature components based on transitions from S(0) to S(7).
Their result, rescaled to the MIRI FoV (CH1), assuming a homo-
geneous distribution, yields a total mass of 1.1 x 10% M, for the
~150 K component in the excitation diagram, which is consistent
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with our estimate of Mé;gOK) ~ 0.8 X 10 M. From CO observa-
tions, Espada et al. (2017) reported a total gas mass of 9x 107 M,
over a much larger FoV of 144 arcsec’. We extracted the flux of
the CO(3-2) line, integrating over their ALMA map, which is
restricted to the region covered by the MIRI FoV (CH1). Using
the same conversion factor of 0.1 they use between the CO(1-0)
and the CO(3-2) lines and a factor Xco = 4% 102 cm™> Kkms™!
(for the nuclear region of Cen A Israel et al. 2014; Miura et al.
2021), we find a total gas mass of 1.7x10° My, This result is

about two times larger compared to our Mé;gOK) estimate. This
discrepancy may be due to an overestimated Xco factor or the
fact that ALMA observations probe gas that is colder than 100 K,

which we do not detect with MRS.

4.5. Comparison between H, and the ionized gas

Several results highlight morphological and kinematical dif-
ferences between H, and the ionized gas. The ionized line
emissions peak in a cone-like structure aligned with the jet
(Alonso Herrero et al. 2025), whereas H, emission is more
diffuse across the ICND. As shown in Figure 3 (bottom left
panel), we find similar contrasts between the [Ne VI] and H,
morphologies; the [Ne VI] emission is concentrated around the
AGN and extended along the jet axis, with no trace of the low-
dispersion filamentary structures observed in H,. The elongated
morphology of the [O 1v] and [Ne V] lines perpendicularly
to the ICND and indicative of an outflow was also noted by
Quillen et al. (2008), from Spitzer/IRS observations.

The morpho-kinematics of H, present similarities with
the CO filaments forming the CND in Cen A (analyzed by
Espada etal. 2017), and at larger kiloparsec scales with fil-
aments of inflowing CO in NGC 1275 (Salomé et al. 2011;
Lim et al. 2008). These filamentary structures are morphologi-
cally consistent with simulations of magnetized accreting molec-
ular gas (M87*, Guo et al. 2024), which also predict secondary
magnetically driven polar outflows of molecular gas, although
these are less significant. The H, low dispersion spiral structure



Evangelista, L., et al.: A&A, 711, A290 (2026)

and the radial excitation gradient (see Fig. 6 and D.2) point to a
similar scenario.

The morpho-kinematics of the ionized gas are analyzed in
detail in the companion paper Alonso Herrero et al. (2025) and
point to an outflow in the form of an expanding bubble driven by
the jet, similar to those seen in AGN jet simulations (Mukherjee
2025). Although a molecular outflow is detected at larger scales
(>15" or 280 pc from the nucleus Israel et al. 2017), we only
detect slight deviations in the wings of the H; lines in the
inner disk (see Sect. 3.3 and Fig. 7). This pattern may trace
enhanced velocity dispersion resulting from the adiabatic com-
pression of infalling gas onto the central regions of the CND
(Vollmer & Davies 2013). Alternatively, it could reflect the pres-
ence of a radially outflowing component (Alonso Herrero et al.
2025), possibly arising from inhomogeneous emission within an
expanding shell or bubble, where projection effects lead to asym-
metric contributions from the approaching and receding sides.

Both types of velocity structure are commonly seen in
numerical simulations of CNDs (Guo et al. 2024) and in jet-
driven outflows (e.g., Mukherjee et al. 2018; Mukherjee 2025).
However, without a more detailed modeling of the velocity fields
and line profiles, it is not possible at this stage to distinguish
between inflows and outflows in the H, kinematics.

Overall, H; lines exhibit velocity dispersions about one order
of magnitude lower compared to the ionized gas. The Gaussian-
fit sigma maps from Alonso Herrero et al. (2025) reveal that the
velocity dispersion for the ionized gas is maximal in the ND,
within ~1.5” of the AGN, and decreases along the jet. This
net different behavior between the two phases has already been
reported for other sources (i.e., NGC 1275, Riffel et al. 2020)
and is thought to be caused by different gas density and dynam-
ical coupling to the jet (Morganti et al. 2015; Mukherjee et al.
2016; Speranza et al. 2022).

5. Conclusions

We obtained parsec-scale resolution mid-IR spectral maps of the
100-200 pc innermost region of Cen A with the JWST/MRS,
covering the 5-28 um wavelength range. This work, along
with two companion papers on Cen A (Alonso Herrero et al.
2025; Pantoni et al. 2026) are part of the MIRI GTO program
MICONIC. We focused here on spatially resolved morpho-
kinematics and excitation of the H, rotational line emission. Our
main results are the following:

— The H, surface brightness maps show an inhomogeneous
morphology with filaments of molecular gas peaking in the
ICND at lower excitation and near the AGN at stronger exci-
tation; lower levels also reveal a central cavity (40pc in
diameter).

— Velocity maps show global rotation plus a warped-disk geom-
etry and noncircular motions. The filaments display lower dis-
persion, which is consistent with a coherent inflow toward
the AGN, while residuals from Gaussian fits suggest a pos-
sible outflow at the base (see Alonso Herrero et al. 2025). The
molecular gas exhibits different morpho-kinematics from the
ionized component, which peaks near the AGN and along the
jet, showing higher dispersion and outflow signatures.

— Excitation diagrams indicate that the average temperatures
of the bulk of the H, are ~2 times higher in the nucleus
(416+12)K than in the ICND (286+7)K. The physical
parameter maps show temperatures up to 340 K on the east-
ern ICND side, where the jet is pointed toward us. The fil-
aments contain most of the molecular mass and show the
lowest ortho-to-para ratio (~1.8).

— The mass of the molecular gas obtained via a fitting of the
excitation diagram at 100 K is (9.6 +4) x 103 M, in the inner
disk, while the dynamical mass is (5 + 0.4) X 108 Mg, within
4" (74 pc) of the AGN.

— The Ly,/Li7.m ratio increases by two orders of magnitude
from the ND to the ICND and exceeds the threshold of pho-
toionization processes at 1.3” (30 pc) from the AGN, indi-
cating collisional excitation in the ICND. The H,/PAH7 7,
luminosity ratio exceeds the PDR model threshold for sig-
nificant non-radiative excitation in all regions.

— The S(5) velocity dispersion at the PSF scale (6 pc) yields
heating rates consistent with the dissipation rate Ly, /My, =
2.7Ls /Mg measured along the coherent spiral streamer, sup-
porting that dissipation of mechanical energy contributes to
the excitation of H,.

— The ratio Ly, /Lx-10 kev) €Xxceeds by a factor 4 the upper
limit predicted by XDR models, again supporting the impor-
tance of shocks in heating the H, gas.

The last three points in particular are further evidence of the
importance of shocks in heating H, and in causing loss of angu-
lar momentum in the CND, as already suggested in existing
literature (Espada et al. 2017; Ogle et al. 2010). A forthcom-
ing analysis presented in paper II will combine radiative and
mechanical excitation models—based on the methodology pre-
sented in Villa-Vélez et al. (2024)—to quantify, on a spaxel-by-
spaxel basis, the relative contributions of shocks, UV, and X-ray
pumping to H; excitation, disentangling the gas energy budget
of the ICND.
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Appendix A: MRS spatial and spectral resolutions

We summarize here the technical specifications for each MRS
channel and sub-channel. Table A.2 details the FoV opening and
centering, as well as the spatial and spectral resolutions and sam-
plings. To estimate the spatial resolution as the FWHM of the
PSF at the observation wavelength, we use the PSF characteri-
zation equation provided by Law et al. (2023):

FWHMpgk [arcsec] = 0.033” x A [um] + 0.106” (A.1)

To estimate the spectral resolution power at different wave-
lengths we use the characterization equation provided by
Pontoppidan et al. (2024):

R() = ﬁ =K + K» X Alum] (A2)

where the factors K| and K, depend on the channels and the sub-
channels and are reported in Table A.1.

Table A.1. Coefficients for Eq. A.2 for the resolution power, by channel
and sub-channel.

Subchannel K K>

4C -3601 216
4B -1176 150
4A -2166 225
3C -2445 312
3B -1871 317
3A -5120 633
2C -231 264
2B -331 400
2A 332 400
1C -543 601
1B 2742 150
1A -19.5 572

Notes. Pontoppidan et al. (2024).

Appendix B: Continuum measurements

We present in Table B.1 the results of the 2D-Gaussian fit of the
centroid of the continuum emission (see Sect. 3.5), along with
photometric measurements of the continuum, over each chan-
nel’s FoV and in the ND.

Appendix C: Spectral extractions and line fluxes

We present in Figure C.1 the ND and the ICND spectra of Cen A
from the four MRS channels. Extractions are performed respec-
tively inside and outside a 1.3"-radius (24 pc) circle centered on
the AGN. This aperture corresponds to 2xFWHM of the PSF
at 17 um. The extraction regions are displayed in Figure 2. In
Figure C.2 we present the line profiles extracted by averaging
over the full FoV of the continuum subtracted sub-cubes. The
black vertical lines mark the integration boundaries set to calcu-
late the line fluxes listed in Table C.1 (see Sect. 3.1).

Appendix D: Continuum and spectral maps

We present here all the generated maps for H, and for the con-
tinuum. Figure D.1 shows the maps of the continuum near each
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of the H; lines. Figures D.2, D.3, and D.4 show all the H, maps
respectively of moment-0, 1, and 2. Details are provided in the
main text. For the H, 0-0 S(8), we only show the moment maps
generated with the logtp spaxel flagging criterion since this
method recovers spaxels in the ICND that reveal morphological
correlations with the other maps.

Appendix E: Power-law fits of the excitation
diagrams

We present here the power-law fits of the excitation diagrams
performed using the H2powerlaw tool by Togi & Smith (2016),
over the FoV of CH1, the ND, and the ICND. The tool fits the H,
lines assuming a continuous temperature distribution following
the relation:

AN = mT™"dT (E.1)

where dN is the column density between T and T + dT, n is the
power-law index, and m is a constant. Integrating E.1 between
two temperature bounds T,y and Typp, and assuming that 7 is
equal to the rotational temperature, m is found to be:

Nl — 1
o €2
Tlow - Tupp

where Ny is the total H, column density in the FoV. Above
1000 K, Togi & Smith (2016) indicate that T,, has a negligi-
ble impact on the mass estimate and it is hence fixed by default
at 2000 K. The parameters Tioy and n are adjusted to fit the col-
umn densities from the excitation diagram, allowing to calculate
Niot and thus, given the mass of one H, molecule my,, the FoV
surface angle €, and the distance from the source d, the total H,
mass is Mot = mp, Nyt Q &2,

Figure E.1 shows the results of the power-law fits on our H,
excitation diagrams, over the full FoV, the ND, and the ICND.

Appendix F: Absorption in the silicate band

Ogle et al. (2010) use a continuum fit to estimate absorption and
find a non-negligible 0.4 relative extinction in the silicate band,
near the H; 0-0 S(3) line at 9.68 um. We present here the method
we used to estimate the optical depth 79 7,m, based on Reefe et al.
(2025).

We mask the S(3) line in the excitation diagrams and perform
a power-law fit (see App. E) to infer the intrinsic S(3) emission
from the other lines. Flux ratios between the i-th and the j-th
lines are expected to follow the relation:
B _NAL (F.1)
Fi NjA; A4
were F;, N;, A;, and A; are respectively the flux, the column
density, the Einstein coefficient, and the wavelenght of the i-
th line. The next H, line adjacent S(3) is S(4) which is out
of the silicate band. We hence compare the intrinsic flux ratio
[Fs@)/ Fs3)lintrinsic inferred from the fit of the excitation diagram,
with the observed ratio [Fsu)/Fs3)lobserved. The optical depth at
9.68 um is therefore estimated as:

[Fs@)/Fs@3)lobserved )
[Fs@)/ Fs@)lintinsic

T9.7um = In (F2)

We use this result to correct the S(3) line flux in our nuclear
excitation diagram.
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Table A.2. MRS technical specs.

Channel FoV Center (RA, Dec) PSF FWHM? R® AV Spaxel size o4
[arcsec?] [J2000] [l [spaxel] [kms™'] ["] [parsec] [nm] [kms™']

4-long  7.7x12 13:25:27.688 -43:01:08.718 0.98 2.81 2134 140 035 645 6.0 68
4-medium 7.7 x 12 13:25:27.688 -43:01:08.718 0.85 243 2206 136 035 645 6.0 80
4-short  7.7x12 13:25:27.688 -43:01:08.718 0.74 2.11 2154 139 035 645 6.0 94
3-long  6.0x 10 13:25:27.569 -43:01:08.754 0.65 3.26 2720 110 02 368 25 45
3-medium 6.0 x 10 13:25:27.569 -43:01:08.754 0.58 2.90 2686 112 02 3.68 25 52
3-short  6.0x 10 13:25:27.569 -43:01:08.754 0.52 2.58 2758 109 02 3.68 25 60
2-long 4.5x8.6 13:25:27.633 -43:01:08.787 0.46 272 2615 115 0.17 3.13 1.3 36
2-medium 4.5 % 8.6 13:25:27.633 -43:01:08.787 0.41 2.44 3405 88 0.17 3.13 1.3 42
2-short  4.5x8.6 13:25:27.633 -43:01:08.787 0.37 2.19 3568 84 0.17  3.13 1.3 48
I-long 3.6 x7.5 13:25:27.624 -43:01:08.296 0.34 2.60 3676 82 0.13 239 08 34
I-medium 3.6 X 7.5 13:25:27.624 -43:01:08.296 0.31 236 3656 82 0.13 239 08 39
1-short 3.6 x7.5 13:25:27.624 -43:01:08.296 0.28 2.16 3000 100 0.13 239 0.8 45

Notes. FoV indicates the angular coverage for every channel. Center indicates the RA-Dec coordinates of the FoV’s center for each channel. PSF
FWHM expresses the channel spatial resolution, in arcsecs and spaxel. R is the resolving power, which is converted to velocity (AV) at the central
wavelength of the subchannel. The spaxel size is provided in both arcsecs and parsecs (assuming a distance from Cen A of 3.8 Mpc). d4 is the
spectral sampling step, expressed as both wavelength and velocity.

Table B.1. Results of the 2D-gaussian fit of the continuum maps and measurements of the continuum fluxes close to the H, lines.

A AAd Masked line PSFFWHM  Fitted FWHM  Continuum flux (full FoV) Continuum flux (ND)

[um]  [nm] 0-0 (' fpc] [ [pc] [107'° W m™] [107'° W m™]
17.07 32.50 S(1) 0.67 1234 0.71 13.08 8.44 +0.02 7.38 +0.03
12.30  22.50 S(2) 051 939 059 10.87 8.75 +0.03 6.95 + 0.03
9.68 16.90 S(3) 043 792 043 792 1.47 +0.04 1.12 +0.01
8.04 15.60 S4) 037 6.82 041 7.55 3.63+0.04 2.74 £ 0.02
6.92 12.00 S(5) 033 608 035 645 1.85 +0.05 1.52 +0.03
6.12  9.60 S(6) 031 571 034 6.26 1.90 + 0.06 1.50 £ 0.02
552 9.60 S(7) 029 534 032 589 2.04 +0.08 1.64 +0.03
5.06 8.80 S(8) 027 497 031 571 2.04 +0.08 1.63 + 0.03

Notes. The spatial resolution (PSF FWHM in arcsec and parsec) is taken from Law et al. (2023). To allow comparison between the continuum and
the H; line fluxes, the continuum is computed close to the spectral line over the full FoV and within a circle of radius 2xFWHM around the AGN
for the ND. After masking the line, this flux is spectrally integrated around the central wavelength A of the H, line, and over a wavelength range AA.

References. “Law et al. (2023) *Pontoppidan et al. (2024)
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Fig. C.1. Spectrum of the inner region of Centaurus A. Zooms on the different MRS channels comparing the ND with the ICND, respectively
inside and outside a 1.3"-radius circle (24 pc), as shown on the small inset image (continuum map at 17 um) of Fig 2. This aperture corresponds
to 2xFWHM of the PSF at the 0-0 S(1) line.
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Fig. C.2. Continuum-subtracted line profiles averaged over the respective channel’s full FoV. The black vertical bars represent the flux integration
boundaries for each line. The [SIII], [Nelll], [Nell], [Arll], [Arlll], [NeVI], [MgV] are assumed to have Lorentzian profiles, and hence are
wider compared to the other lines. Notice that [CIII], [Nalll], and [Nill] present a strongly noisy continuum, which renders the fit of the profile
challenging.
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Fig. D.1. Continuum maps extracted around the H, rotational lines (with the line masked). The red-star symbol marks the position of the central

Ch3C continuum at 17.0 um
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Ch3A continuum at 12.2 um

Ch2B continuum at 9.6 um

AGN: in RA-Dec 13:25:27.63 -43:01:08.30 (J2000).
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Fig. D.2. H, rotational line surface brightness maps in [W m~2 sr™'] for all transitions from 00 S(1) to S(8). Central spaxels are masked. Spaxels
with undetected lines are replaced with background noise level. The figures reveal how the brighter spots spiral towards the AGN along the H,
filaments (white contours in Fig 6), as excitation becomes stronger.
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Fig. D.3. Velocity maps in [km s~!]. Central spaxels and no-line-detection spaxels are masked. The maps show clear signs of global rotation, along
with an evident S-shaped distortion due to the warped-disk geometry of the CND plus non-circular motion.
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Fig. D.4. Velocity dispersion maps in [km s~']. Central spaxels and no-line-detection spaxels are masked.
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Fig. E.1. Power-law fit of the excitation diagrams, performed using the H2Powerlaw tool from Togi & Smith (2016) on the fluxes extracted from
the averaged cubes, over the full FoV of CHI, inside (ND), and outside (ICND) a circle centered around the AGN of radius 2xFWHM. The
legends report the results of the fit: n is the slope of the power-law, while T1 is the lower temperature limit of the fit 71,,. The S(3) line in the ND
is corrected for extinction via the method presented by Reefe et al. (2025) (see App. F). The deviation of the S(7) from the fit in the ND is due to
the difficult de-blending of the [MgVII] line at 5.51 um.
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