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ABSTRACT

Active Galactic Nuclei (AGN) are believed to play a central role in quenching star formation by removing or destroying molecular
gas from host galaxies via radiation-pressure driven outflows and/or radio jets. Some studies of cold molecular gas in galaxies at
Cosmic Noon (z ~ 2) show that AGN have less cold gas (<100 K) compared to mass-matched star-forming galaxies. However,
cold gas could also be shock-heated to warmer phases, detectable via Hj transitions in the rest-frame near- and mid-infrared
spectra. The Medium Resolution Spectrograph (MRS) of the Mid-infrared Instrument (MIRI) aboard JWST has opened a unique
window to observe these emission lines in galaxies at Cosmic Noon. We present the first detection of hot molecular gas in
cid_346, an X-ray AGN at z ~ 2.2, via the H; ro-vibrational transition at 2.12 ym. We measure a hot molecular gas mass of
~8.0x10° Mg, which is ~ 10° — 10° times lower than the cold molecular gas mass. cid_346 is located in an environment with
extended gas structures and satellite galaxies. This is supported by detection of hot and cold molecular gas out to distances >10
kpc in MIRI/MRS and ALMA data, respectively and ancillary NIRCam imaging that reveals two satellite galaxies at distances of
~0.4 arcsec (3.3 kpc) and ~0.9 arcsec (7.4 kpc) from the AGN. Our results tentatively indicate that while the CO(3-2)-based cold
gas phase dominates the molecular gas mass at Cosmic Noon, H, ro-vibrational transitions are effective in tracing hot molecular

gocallaipiggions that may lack CO emission.
Key words: galaxies:active — (galaxies:) quasars: supermassive black holes — methods: observational — techniques: spectroscopic
— galaxies: individual
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1 INTRODUCTION

Feedback from growing supermassive black holes (SMBHs), also
known as Active Galactic Nuclei (AGN), has become a fundamental
component of cosmological simulations that model galaxy forma-
tion and evolution (e.g., Hirschmann et al. 2014; Dubois et al. 2016;
Genel et al. 2014; Schaye et al. 2015; Pillepich et al. 2018; Schaye
et al. 2023). AGN feedback plays a key role in limiting star forma-
tion efficiency, particularly in galaxies with high halo masses (e.g.,
Benson et al. 2003; Somerville et al. 2008; Harrison 2017; Rennehan
etal. 2024). As a result of incorporating these feedback mechanisms,
simulations now closely match the observed stellar mass functions of
galaxies, especially at low redshifts (see also Silk & Mamon 2012).

Observations of multi-phase gas outflows have been crucial in
identifying signatures of ongoing AGN-driven feedback. Numerous
studies, ranging from fibre or slit spectroscopy to integral field spec-
troscopy (IFS) in rest-frame optical wavelengths, have successfully
detected fast winds (velocity, v > 1000 km s~!) in the ionised gas
phase of AGN, star-forming, and starburst galaxies. These studies
often use [O 111]A5007 ([O 1] hereafter) or He as ionised gas tracers,
covering galaxies from low-redshift to Cosmic Noon (1 < z < 3) to
the Epoch of Reionisation (e.g., Arribas et al. 2014; Harrison et al.
2014; Forster Schreiber et al. 2018; Rakshit & Woo 2018; Davies
etal. 2020; Kakkad et al. 2022, 2023a; Travascio et al. 2024; Carniani
et al. 2023; Loiacono et al. 2024; Roy et al. 2024; Tozzi et al. 2024;
Vayner et al. 2024). Outflows have also been observed in the molecu-
lar gas phase, where they are believed to carry the bulk of the outflow
mass in galaxies (e.g., Cicone et al. 2014; Carniani et al. 2015; Fiore
et al. 2017; Fluetsch et al. 2019; Lutz et al. 2020; Veilleux et al.
2020). These outflows are expected to be especially important in de-
livering feedback into the interstellar medium (ISM) during Cosmic
Noon, when both the volume-averaged star formation rate (SFR) and
AGN accretion activity reach their peak (e.g., Shankar et al. 2009;
Madau & Dickinson 2014).

The relationship between AGN activity and star formation, par-
ticularly the impact of AGN-driven outflows on SFR, remains a
topic of active debate in the literature. AGN activity is typically
identified by excess emission in various wavelengths—beyond what
can be attributed to star formation or internal processes within the
host galaxy—such as hard X-rays, mid-infrared, or radio, as well as
through nebular diagnostics in UV, optical, or infrared wavelengths
(e.g., Baldwin et al. 1981; Hirschmann et al. 2023). The timescales
of this AGN activity can differ by several orders of magnitude (> 10°
yrs: Schawinski et al. 2015; Padovani et al. 2017). SFR, on the other
hand, is conventionally measured using short-term tracers (~10 Myr)
like Ha or [O 11]43727 emission lines (e.g., Glazebrook et al. 1999;
Murphy et al. 2011; Calzetti 2013; Tacchella et al. 2022), or long-
term tracers (~100 Myr) such as far-infrared (FIR) or sub-mm con-
tinuum (see reviews by Kennicutt 1998; Kennicutt & Evans 2012).
This difference in timescales between AGN activity and star forma-
tion measurements likely contributes to the wide range of findings
on the AGN-SFR relationship in the literature. For example, Rosario
et al. (2012) found that the connection between FIR luminosity (an
SFR indicator) and AGN accretion rate depends on both AGN lu-
minosity and redshift. At high redshifts, in particular, there appears
to be no clear relationship between FIR-based SFR and AGN ac-
cretion activity. However, spatially resolved studies of Ha emission
in a few galaxies suggest that AGN outflows may either suppress or
enhance star formation locally, on sub-kiloparsec to kiloparsec scales
(e.g., Cano-Diaz et al. 2012; Cresci et al. 2015; Carniani et al. 2016;
Bessiere & Ramos Almeida 2022; Kakkad et al. 2023b), a result also
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supported by recent zoom-in simulations (see Mercedes-Feliz et al.
2024).

Molecular gas, however, offers a promising alternate avenue for
assessing the impact of AGN feedback in galaxies. Since stars form
from cold molecular gas, AGN-driven outflows, whether by radiation
pressure or jets, are likely to impact the molecular gas first. These
outflows could sweep up and eject the cold gas (‘ejective’ feedback),
or increase the temperature or turbulence within the gas (‘preventa-
tive’ feedback). Recent simulations with EAGLE suggest that AGN
host galaxies contain larger molecular gas reservoirs compared to
star-forming galaxies. For example, Ward et al. (2022) investigated
the molecular gas content of quasars in three cosmological simu-
lations, namely EAGLE (Schaye et al. 2015), IllustrisTNG (Nelson
et al. 2019) and SIMBA (Davé et al. 2019) and concluded that AGN
host galaxies should have similar or enhanced molecular gas fractions
compared to mass-matched inactive galaxies (or normal star form-
ing galaxies), both at z=0 and z=2. However, observations present
conflicting results. APEX-based CO observations of low-redshift,
X-ray-selected AGN host galaxies (e.g., Koss et al. 2021) support
the idea that AGN often reside in gas-rich environments. In contrast,
other studies report no significant difference in local molecular gas
content between AGN hosts and mass-matched star-forming galax-
ies at low redshift (e.g., Rosario et al. 2018; Husemann et al. 2017),
or even suggest that AGN host galaxies have lower molecular gas
content in their central regions compared to the rest of the galaxy
(e.g., Ellison et al. 2021; Garcia-Burillo et al. 2024). At Cosmic
Noon, follow-up campaigns using ALMA and NOEMA have indi-
cated faster gas depletion in AGN hosts compared to star-forming
galaxies (e.g., Kakkad et al. 2017; Bischetti et al. 2021; Circosta
et al. 2021; Bertola et al. 2024; Frias Castillo et al. 2024).

The studies mentioned above predominantly use different exci-
tations of the CO molecule as tracers for cold molecular gas (see
reviews by Carilli & Walter 2013; Saintonge & Catinella 2022). This
cold phase of molecular gas is at temperatures of T<100 K. But in
turbulent environments with strong AGN radiation, gas can be ex-
cited to higher temperatures, a phenomenon extensively studied in
the context of galaxy clusters (see McNamara & Nulsen 2007; Fabian
2012). This is especially relevant at Cosmic Noon, where heightened
accretion and star-forming activity may result in a larger fraction of
molecular gas excited to warm (T~ 500 K) or hot (T ~ 1000 — 3000
K) phases. The warm molecular gas is typically traced via rotational
transitions of the Hy molecule in rest-frame mid-infrared spectra
(e.g., Armus et al. 2023; Hernandez et al. 2023; Esparza-Arredondo
et al. 2025). In this paper, we focus on the hot molecular gas phase
at traced by the ro-vibrational transitions of Hj in rest-frame near-
infrared spectra, particularly the 1-0 S(1) and 1-0 S(0) transitions
at 2.12 ym and 2.22 um, respectively (e.g., Black & van Dishoeck
1987; Hollenbach & McKee 1989; Maloney et al. 1996; Elmegreen
1989; Rosario et al. 2019; Riffel et al. 2021, 2023).

At low-redshift, these ro-vibrational and rotational transitions have
been extensively observed in a variety of galaxies, including galax-
ies that host AGN-driven outflows (e.g., Davies et al. 2009; Storchi-
Bergmann et al. 2009; Friedrich et al. 2010; Dasyra & Combes 2011;
Rupke & Veilleux 2013; Ramos Almeida & Ricci 2017; Rosario
et al. 2019; Riffel et al. 2021; Armus et al. 2023; Hernandez et al.
2023; Esparza-Arredondo et al. 2025; Ulivi et al. 2025). The pic-
ture arising from these low-redshift studies is that near-infrared and
mid-infrared H, lines are strongly enhanced in cool gas shocked
by AGN-driven outflows. Therefore, at high redshift, especially at
cosmic noon, where several AGN and star forming galaxies have
been shown to host outflows, the warm and hot molecular gas are
expected to be prevalent. Up until the launch of JWST, it was not



3.0
2.51
>
© 2.0
=)
o
L
v 15
o
o
1~ (=] CID_346
104~ ° [¢] ® SF
) ) © Bertola+24 AGN
= MS:=7 Screiber+15
0.5 T r T T
10.0 10.5 11.0 11.5 12.0
log M« [Mel
CID_346
241 2 fabian+08
Long-Lived clouds
2 w
|
£
=
= 22
= Outflows
o
o
21
20 Dust lane
-30 -25 -20 -15 -10 -05 00

log Lpoi/LEdd

MRS spectroscopy of cid346 3

9.5

9.0 o
8.5 1 o
8.01 o ©
7.5

7.01

log Mgy [Mo]

6.5

[ ]
6.0 ,*CID;MG

O Mezcua+24 (z~2)
@ Reines+15 (z~0)
Best-fit Reines+15

relation

5.0 L — T T T T .
8.5 9.0 9.5 10.0 105 11.0 115

log My [Me]

5.5

11.5

11.0

10.51@

10.0

log Legn - o) [K kmi/s pc?]

* CID_346

©' AGN
@ SF
= Best-fit AGN
= Best-fit SF

9.5+

11.0 115

log M« [Mel

12.0

Figure 1. Top left panel shows the location of cid_346, at the top end of the star forming main sequence (at z ~ 2). The solid line shows the main sequence
relation from Schreiber et al. (2015) with 0.3 dex error margins shown as dashed lines. The red and blue data points show the z~2 AGN and star forming
galaxies, respectively (e.g., Tacconi et al. 2018; Boogaard et al. 2020; Birkin et al. 2021; Bertola et al. 2024). The fop right panel shows the location of cid_346
in the Mpp — M, plane. cid_346 is clearly above the Mgy — M., relation for local galaxies (solid black line and black circles from Reines & Volonteri (2015)),
similar to recent results from cosmic noon (yellow circles from Mezcua et al. 2024) and galaxies at the Epoch of Re-ionisation. The bottom left panel shows
the location of cid_346 in the outflowing region of the Ny versus Agqq parameter space (see Fabian et al. 2008). The bottom right panel shows cid_346 in the
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further details, please refer to Sect. 2.

possible to trace such warm and hot molecular transitions at cos-
mic noon. However, with the unique spectroscopic capabilities of the
Medium resolution Spectrometer (MRS) of the Mid-Infrared Instru-
ment (MIRI) on board JWST, it is now possible to trace the rest-frame
near-infrared transitions out to cosmic noon and beyond.

In this paper, we present the first-ever detection of the hot molec-
ular gas transition in an AGN host galaxy at z ~ 2.2, traced via
rest-frame near-infrared ro-vibrational Hy transitions. The selected
target is a hard X-ray AGN source, which hosts kpc-scale ionised
gas outflows, traced using the [O 11] line and is detected in CO(3-2)
transition via ALMA and ACA observations. The paper is arranged
as follows: Section 2 summarises the basic properties of the target,
followed by a description of JWST/MRS mid-infrared spectroscopic
and JWST/NIRCam near-infrared imaging observations and data re-
duction in section 3. The analysis of the mid-infrared spectra and
NIRCam images and the corresponding results are presented in sec-
tion 4. This is followed by a discussion and concluding remarks in
Sects. 5 and 6, respectively.

The following cosmological parameters are adopted throughout
this paper: Hy = 70kms~!, Qy = 0.3 and Q4 = 0.7. Unless specified,
North is up and East is to left in the maps presented.

versus M, plane, with the best-fit lines from Bertola et al. (2024). The colour scheme in the bottom right panel is the same as in the top left panel. For

2 TARGET DESCRIPTION

The target, cid_346 (RA (J2000) = 09:59:43.4, DEC (J2000) =
+02:07:07.4, z = 2.219: redshift based on CO(3-2)), is part of the
SINFONI Survey for Unveiling the Physics and Effect of Radiative
feedback (SUPER; e.g., Circosta et al. 2018; Mainieri et al. 2021)
and is located within the COSMOS field (e.g., Scoville et al. 2007,
Civano et al. 2016). Publicly available multi-wavelength photomet-
ric and spectroscopic data have enabled precise determination of the
AGN and host galaxy properties through Spectral Energy Distribu-
tion (SED) modeling (see Circosta et al. 2018). In this section, we
outline the key characteristics of this target, also summarised in Fig.
1, and refer to Circosta et al. (2018, 2021), Vietri et al. (2020), and
Bertola et al. (2024)! for further details.

cid_3461is classified as a Type-1 AGN, as indicated by the presence
of broad lines in its rest-frame ultraviolet (UV) and optical spectra.
The black hole mass, estimated from the broad Hp line, is log Mgy =

! The SED fitting results for cid_346 were updated in Bertola et al. (2024)
using the latest releases of the photometric catalogs for the COSMOS field
(Jin et al. 2018; Weaver et al. 2022).
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Figure 2. The fop panels show the [O 1] flux map (left) and the integrated
spectrum covering the entire region of the [O 11] emission (right). The [O 1] is
extended towards the SE of the AGN location (marked by black star) and its
spectrum shows a prominent blue-wing, indicative of ionised outflows. The
bottom panels show the ALMA CO(3-2) flux map (left) and the corresponding
integrated spectrum (right). Further details about the ionised and molecular
gas properties are described in Sect. 2.

9.15+0.30 Mg (see Vietri et al. 2020). Stellar mass and SFR, derived
through SED modelling, are log My < 11.13 Mg and 382+37 Mg
yr~ !, respectively (see Bertola et al. (2024)). These values position
cid_346 at the upper boundary of the star-forming main sequence
in the SFR-M. plane (Fig. 1, top left panel). Its black hole mass
is significantly higher than expected based on the local Mpp-M.
relation, suggesting that the supermassive black hole in cid_346 may
be over-massive relative to its host galaxy (Fig. 1, top right panel).
This phenomenon, where over-massive black holes are observed, has
been reported in recent studies in galaxies at the Cosmic Noon to the
Epoch of Re-ionisation (e.g., Ubler et al. 2023; Mezcua et al. 2024).
The position of cid_346 in these scaling relations, in conjunction
with mid-infrared data and comparisons to other AGN host galaxies,
will be discussed in a forthcoming paper.

The bolometric luminosity of the AGN in cid_346 is log Ly, =
46.66 + 0.02 erg s~!. Based on the black hole mass reported earlier,
the Eddington ratio of the AGN, Agqq (Where Agqq = Lpo1/Lgdq and
Lpdd = 1.3 %103 x Mgy /Mg erg s~1), is 0.25. Additionally, X-ray
spectral analysis reveals that cid_346 hosts a highly obscured AGN,
with an X-ray column density log Ng = 23.05‘:%' 1179 cm~2. We place
these values in the Ny versus Ag4q plane, within the context of empir-
ical models of outflows in dusty ISM from Fabian et al. (2008) in Fig.
1. Below log Nyg = 21.5 cm™2 (horizontal line in lower left panel in
Fig. 1), dust lanes from the host galaxy could contaminate the column
density values. The empirical continuous line in the figure divides
the region where Eddington ratio experienced by the cloud is below
the Eddington limit (grey shaded region) or above the Eddington
limit (unshaded region), the latter defined as the "forbidden region”
for long-lived clouds or "blowout region" (see also Kakkad et al.
2016; Ricci et al. 2017). cid_346 falls within the unshaded region of
the Ny versus Agqq plot, and is therefore expected to experience an
outflow.
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cid_346 has been the focus of several observational campaigns
using various ground-based telescopes to trace extended ionised and
cold molecular gas. A brief overview of these observations is pro-
vided below, with key results relevant to this paper summarised in
Figure 2.

o SINFONI near-infrared spatially resolved IFS of cid_346 in the
H-band reveals ionised gas outflow traced by [O m1], extending up to
~4 kpc in the southeast direction from the nucleus. This extended out-
flow is further confirmed through PSF-subtraction techniques (e.g.,
Kakkad et al. 2020). The outflow velocity exceeds 1000 km s~1,
indicating that the AGN is driving the outflow. Based on the outflow
model described in Kakkad et al. (2020), the ionised gas mass out-
flow rate, Moy, is estimated to be between 0.6-15 Mg yr_]. This
is significantly lower than the star formation rate of ~380 Mg yr~!,
suggesting that there is still sufficient gas in the host galaxy to support
ongoing star formation despite the fast outflow.

SINFONI K-band IFS observations revealed that He emission is
associated with the Narrow Line Region (NLR) outflow, as it extends
in the same direction as the ionised gas, with FWHM >600 km
s~!. A resolved BPT map of the extended gas, combined with the
[O ] results from the H-band, indicates that this emission is most
likely ionised by the AGN, based on emission line ratio diagnostic
diagrams commonly used for the local universe (e.g., Kewley et al.
2001; Kauffmann et al. 2003).

e cid_346 was also observed with low spatial resolution (~1.1
arcsec) ALMA Band-3 to observe CO(3-2) transition to trace the
total cold molecular gas content (see Circosta et al. 2021). The

CO(3-2) luminosity of cid_346, log L’CO(3_2), was estimated to

be 10.25 K km s~! pc?. Assuming an excitation correction (r3; =
L’CO(3_2) /LETO(I—O)) of 0.59 and a CO to molecular gas conversion
factor, g, of 3.6 Mo/(K km s~! pc?), the total cold molecular
gas content in cid_346 is log Mo = 11.10 £ 0.05 Mg. The CO-
based cold gas to M, ratio is consistent with the loci of star forming
galaxies in the L,CO (1-0) Versus M. plot shown in the bottom right
panel of Figure 1. The background blue and red points are obtained
from a compilation of molecular gas studies in star forming and AGN
host galaxies in Bertola et al. (2024) (see also Tacconi et al. 2018;
Boogaard et al. 2020; Birkin et al. 2021), which uses the follow-
ing excitation corrections: rq; = 0.37,r31 = 0.59,r; = 0.68 (e.g.,
Kirkpatrick et al. 2019). This plot confirms that cid_346 contains
an abundance of molecular gas for sustained star formation or for
feeding the central supermassive black hole.

e Follow-up Atacama Compact Array (ACA) observations of
cid_346 were obtained in order to map the large scale CO emis-
sion out to the circum-Galactic Scales (CGM, >100 kpc, see Cicone
et al. 2021). Although the extension of CO gas out to CGM scales
was later disputed in Jones et al. (2023), these observations reveal
that cid_346 hosts extended molecular gas out to at least tens of kilo-
parsec scales. At the time of publishing these results, no evidence of
merging companions were detected close to cid_346. Therefore, one
of the possible explanations put forward was that the outflows from
the AGN might relocate the molecular gas out to CGM scales.

Figure 2 presents a summary of the [OIII]A5007 and CO(3-2) im-
ages and spectra from SINFONI and ALMA observations, respec-
tively. The observations summarised above came from ground-based
observatories, which were limited in spatial resolution and depth.
However, they consistently pointed to the presence of extended gas
in the ionised and molecular phases. The ionised gas phase is be-
lieved to be part of the extended NLR of cid_346. However, with the
launch of JWST, it has become possible to trace rest-frame optical



and near-infrared emissions with unprecedented spatial resolution
and depth, surpassing even the best Adaptive Optics capabilities of
ground-based telescopes.

3 OBSERVATIONS AND DATA REDUCTION
3.1 JWST MIRI/MRS observations and data reduction

cid_346 was observed with MIRI/MRS aboard JWST as a part of
Cycle-1 GO programme 2177 (PI: Mainieri). Target acquisition was
not required during the observations as the pointing accuracy of 0.1
arcsec is sufficient to locate the target in the MRS field-of-view.
Furthermore, we employed a 4-point dither pattern, which enhanced
the spatial sampling and spatial resolution in the final drizzled data
cube (see Law et al. 2023). We also took dedicated background
exposures for background subtraction, as the contribution of infrared
background is substantial in Channels 3 and 4.

The MRS observations were carried out on 20 November 2023 in
the LONG band. The LONG band simultaneously covers the wave-
length ranges 6.53—7.65 um, 10.02-11.70 um, 15.41-17.98 ym and
24.19-27.90 um in Channels 1, 2, 3 and 4 respectively. At the red-
shift of cid_346, these correspond to rest-frame wavelength ranges
0f2.02-2.37 um, 3.11-3.63 um, 4.78-5.58 ym and 7.51-8.66 um in
the respective channels. The respective resolving power, R, in each
channel is 3100-3610, 2860-3300, 1980-2790 and 1630-1330. The
observations employed a SLOW readout mode in 38 groups per in-
tegration, 3 integrations per exposure and 12 exposures. As a result,
the final total exposure time on-source was 11084s (~3.07 hours).

We mostly follow the standard MRS data reduction procedure, as
set by the pipeline (e.g., Labiano et al. 2016) with additional cus-
tomised steps and fine-tuning parameters to improve data quality. We
reduced the data using the JWST pipeline version 1.17.1. The data re-
duction steps are briefly summarised here. The pipeline runs in three
stages. The first stage of the MRS pipeline performs the detector-
level corrections. We kept most of the default pipeline parameters
unchanged, except we set the £ind_showers keyword to TRUE. This
step identifies and corrects the Cosmic Ray (CR) showers. To improve
the identification of warm pixels, which may have been missed in the
stage-1 data reduction, we derived the median of all slope images of
each detector and applied a classical sigma clipping algorithm. The
newly identified bad and warm pixels were masked in the bad pixel
mask as DO_NOT_USE. The output of the first stage is a set of corrected
count rate files, which are then processed with the second stage of the
pipeline. The second stage performs instrument calibrations such as
wavelength calibration, flat-field correction, flux calibration and re-
moves fringes. For the second stage, the default pipeline parameters
were unchanged, except the skip_residual_fringe parameter,
which was set to FALSE (Default is TRUE). This parameter corrects
the fringing patterns in the individual channels. The background sub-
traction was performed using dedicated background exposures. The
second stage of the MRS pipeline outputs a set of fully calibrated in-
dividual exposures. These fully calibrated exposures are then finally
fed into the third stage of the pipeline, where these calibrated expo-
sures across different wavelength bands and channels are combined
into a final drizzled data cube. The parameters for the third stage were
also kept unchanged, except the skip_outlier_detection was set
to FALSE, with the outlier threshold kept at 99%, which removes any
significant remaining outliers in the data when combining different
exposures.

The final products from the three stages of the pipeline consist
of a set of four data cubes, corresponding to the four channels of
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Figure 3. 1-0 S(1) and 1-0 S(0) detections in the central AGN, cid_346. The
blue curve shows the data extracted from the MRS cubes, the red curve shows
the single Gaussian models to the emission lines, along with local continuum,
and the yellow shaded region shows the spectral window containing ~95%
(£20) of the emission line flux. The black dashed line shows the expected
location of each line, based on the redshift of cid_346.

the LONG configuration. The field-of-view in channels 1, 2, 3 and
4 are ~ 3.2 x 3.7 arcsec?, 4.0 x 4.8 arcsec?, 5.2 X 6.2 arcsec? and
6.6 x 7.7 arcsec?, respectively. The corresponding spatial resolution
of the channels are ~0.18, 0.28, 0.39 and 0.64 arcsec, respectively.

3.2 NIRCam and ACS imaging from COSMOS

cid_346 was also observed as a part of the COSMOS-Web survey,
a JWST Cycle-1 treasury programme (GO-1727, PI: Kartaltepe &
Casey, see Casey et al. (2023) for an overview). The COSMOS-Web
survey covered 0.54 deg2 of the COSMOS survey (e.g., Scoville et al.
2007) with four filters of the NIRCam instrument (F115W, F150W,
F277W, F444W Rieke et al. 2023). In this paper, we use the NIRCam
imaging of cid_346 to compare with the Hy maps in the MRS data
in Sect. 4.

The NIRCam observations were taken in April 2023, and the data
were processed using the JWST Calibration Pipeline version 1.14.0
2 (see Bushouse et al. 2024) and the Calibration Reference Data
System (CRDS) version 1223. In addition to NIRCam imaging, we
also used the publicly-available archival HST/ACS F814W imaging
(Koekemoer et al. 2007). The NIRCam and ACS images have a pixel
scale of 0.03 arcsec/pixel.

4 ANALYSIS AND RESULTS

In this section, we present the detection of the hot molecular gas via
ro-vibrational transitions in the MRS spectra. Furthermore, we will
present evidence for the presence of companions close to cid_346,
with the help of ancillary NIRCam imaging data from COSMOS-
Web. Finally, we will compare the MRS and NIRCam results with
ground-based SINFONI and ALMA observations of this target.

4.1 Detection of hot molecular gas

Before the launch of JWST, sensitive mid-infrared spectrographs
were unavailable, making MRS spectroscopy a unique opportunity
to study the rest-frame near-infrared spectra of galaxies, particularly
at Cosmic Noon. Among the various lines within near-infrared and

2 https://github.com/spacetelescope/jwst
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Transition  Expected wavelength ~ Actual wavelength ~ Red/Blue-shift ~ FWHM Flux SNR
pum pum (+/-)km s~ km s~! 107 Berg s™! cm™2

(@) (b) © (@ (O] () (&

cid_346

1-0 S(1) 2.1218 2.1220+0.0002 23+22 458+60 5.7+0.8 4.1

1-0 S(0) 2.2233 2.2232+0.0001 —8+8 130+20 2.6+0.4 44

C1

1-0 S(1) 2.1218 2.1209+0.0003 —130+40 500+125 2.5+0.6 2.4

Cc2

1-0 S(1) 2.1218 2.1223+0.0004 67+24 127+61 1.6+0.5 4.1

Table 1. Detected H; ro-vibrational transitions tracing the hot molecular gas in the central AGN host, cid_346 and locations C1 and C2 (see Fig. 5). (a) reports
the ro-vibrational Hj transition, (b) reports the expected rest-frame wavelength of the transition, based on the redshift quoted in Circosta et al. (2021), (c) reports
the actual wavelength of the transition, based on the centroid location of the Gaussian fit to the line, (d) shows the shift of the measured line location with respect
to the expected location. + means the line is red-shifted and — means the line is blue-shifted, (e) reports the line width (FWHM), (f) shows the line flux and (g)
reports the signal-to-noise (SNR) of the detected line. Parameters reported in columns (c), (d) and (e) are from single Gaussian fits, as described in Sect. 4.1.

The errors represent 1 o~ deviation from the quoted values.

mid-infrared wavelengths, the ro-vibrational and rotational transi-
tions of hydrogen molecules are used as tracers of molecular gas
at temperatures from a few hundred to several thousand Kelvin. In
this paper, we focus on the hot Hy phase in the rest-frame near-
infrared wavelengths, that could be excited by fluorescence soft-UV
photons in both star forming and AGN-ionised regions (e.g., Black
& van Dishoeck 1987) or via thermal processes from X-ray or shock
heating (e.g., Maloney et al. 1996; Hollenbach & McKee 1989).

We are particularly interested in the 1-0 S(1) transition at rest-
wavelength 2.12 ym (we use the notation 1-0 S(1) and H, 2.12
pm interchangeably), commonly used to trace hot molecular gas in
nearby galaxies and falls in channel-1 LONG sub-band. Therefore,
we first extract the channel-1 LONG spectra from the AGN location,
identified using the peak of the continuum emission, using a circu-
lar aperture of radius ~0.4 arcsec. This aperture size approximately
covers the spatial extent of the central host galaxy (we detect ex-
tended gas components, which are discussed later). In order to trace
possible residual instrument response feature in the MRS spectra,
we also selected three object-free regions, randomly selected in the
data cube, from where spectra were extracted and compared with the
target spectrum. This procedure was also used to confirm the line de-
tections described here. A comparison between the target spectrum
and spectrum from one of the object-free locations is shown in Fig.
Al.

Following this comparison, we confirm detections of the 1-0 S(1)
and 1-0 S(0) transitions in cid_346 at ~4¢ levels each. A zoom-in of
the extracted MRS spectra around these transitions is shown in Fig.
3 in blue. We model these H, lines using a single Gaussian function,
along with a linear continuum that models the local continuum within
the spectral window centred on the individual transitions. We do not
impose any constraints while fitting these Gaussian profiles to the
emission lines, with the exception that the line peak intensities are
positive. The Gaussian models to the emission lines are shown in red
in Fig. 3 and the yellow regions mark the flux containing 95% of the
emission line flux (+207). To estimate the errors in our measurements,
we generated 100 mock spectra by adding Gaussian random noise
to the modelled spectra, using the standard deviation of line-free
regions of the spectra. The fitting procedure described earlier was
then applied to each of these mock cubes without imposing any
parameter constraints. The associated error is given by the standard
deviation of these 100 measurements. The parameters corresponding
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to the Gaussian models, namely the line centroid, width (FWHM)
and the fluxes are reported in Table 1.

At the sensitivity of the MIRI/MRS data, we do not detect the pres-
ence of extended wings in the spectral profiles of the H, transitions.
This is confirmed by the fact that it was not necessary to add a second
Gaussian component during the line fitting. The width (FWHM) of
the 1-0 S(1) and 1-0 S(0) are 458+60 and 130+20 km s/, respec-
tively. Given a resolving power of ~100 km s~! at the location of
these lines, the transitions are well resolved. In previous studies, a
cut of 600 km s~ ! has usually been employed to distinguish between
gas outflows in the ionised phase that are driven by an AGN or not
(e.g., Kakkad et al. 2020; Wylezalek et al. 2020; Tozzi et al. 2024).
This value is based on the maximum velocity dispersion one expects
in a purely rotating disk in a star forming galaxy. The transitions
reported in the MRS spectra do not cross this threshold. It is also
possible that the observations did not have sufficient depth to detect
the presence of faint wings beneath the emission line profiles. How-
ever, we note that the bulk of the molecular gas, whether based on
CO or ro-vibrational transition, may be dominated by gas in the host
galaxy disk (see also Barfety et al. 2025). In addition, simulations
by Ward et al. (2024) showed that in the presence of a clumpy ISM,
the outflow can cover a broad range of velocities, with a considerable
fraction of mass moving below 100 km s~!. Therefore, the cut of
600 km s~ ! used in case of the ionised gas, largely coming from the
NLR, may not be applicable here. The H, line widths reported in
Table 1 are significantly narrower than that of [O 11]-based ionised
gas from ground-based IFU observations, which show a FWHM of
>1500 km s~ 1.

We find the flux ratio, 1-0 S(1) to 1-0 S(0), to be ~2.2+0.7. The
S(1):S(0) flux ratio can be used to determine the temperature of the
hot molecular gas and a comparison between samples spanning a
wide range of redshift and luminosity can provide clues into the
impact of the presence of AGN on the molecular gas temperatures,
discussed later in this section. We compare the 1-0 S(1) to 1-0 S(0)
flux ratio in cid_346 with measurements in low-redshift AGN host
galaxies from Riffel et al. (2006) and Lamperti et al. (2017) in Fig.
4. Riffel et al. (2006) consists of a compilation of near-infrared spec-
tra of 47 z < 0.5 AGN and Lamperti et al. (2017) consists of a
compilation of 102 z < 0.075 X-ray selected AGN from BAT AGN
Spectroscopic Survey (BASS, e.g., Koss et al. 2017). Figure 4 shows
only those low-redshift targets from these studies which have detec-
tions and/or upper limits on both 1-0 S(1) and 1-0 S(0) transitions.
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Figure 4. 1-0 S(1) to 1-0 S(0) line ratio in cid_346 (yellow star) and low-
redshift Seyfert galaxies (blue circles) as a function of the bolometric lumi-
nosity. The error bars represent 1o~ uncertainties in the respective line ratios.

Both studies consist of measurements from type-1 and type-2 AGN.
Our measured flux ratio for cid_346 is within the range of typical
flux ratios of the two lines observed in the comparison low-redshift
AGN host galaxies. The line ratio also appears to be at the lower end
of the range seen in low-redshift galaxies. However, this is based on a
single galaxy at the high luminosity end and that we need more num-
ber statistics at these higher luminosities, especially for Ly > 10%
erg s~1, to confirm the trend. Further details on the possible origin
of the Hy emission in cid_346 are discussed in Sect. 5.

We can use the 1-0 S(1) and 1-0 S(0) transitions to constrain the
hot gas temperature using the following equation (e.g., see Wilman
et al. 2005):

T;
: €y

exc

(5]
log | —— | = constant —
Aigi
In Eq. 1, Fj represents the flux of the ith H; transition, 4; is the asso-
ciated wavelength, A; denotes the spontaneous emission coefficient,
gj 1s the statistical weight of the upper level of the transition, 7; refers
to the energy of the level expressed as a temperature, and Texc is
the kinetic temperature assuming the Hj is in equilibrium. Using the
equation above for the 1-0 S(1) and 1-0 S(0) transitions, we derive a
hot gas temperature of 1100’:‘;255 K for the central source cid_346.
We can also estimate the mass of the hot molecular gas using 1-0
S(1) transition at 2.12 um, adopting the standard prescriptions used
for low-redshift galaxies in the literature Storchi-Bergmann et al.
(2009); Riftel et al. (2023). The choice of 1-0 S(1) transition is
motivated by the fact that it is one of the strongest ro-vibrational
transitions. As a result, there are several low-redshift observations
of this line for which the calculation is well-established and would
make it ideal for comparing our mass measurements. Specifically,
we use the following equation to determine the mass of the hot Hy
gas:

B 2mpF 12 471'Di

Jy=1,1=3As(1)hv
where mj, is the proton mass, F> 12 is the flux of the 1-0 S(1)
line, Dy, is the luminosity distance, f is the population fraction and

Ag (1) is the transition probability. The population fraction is obtained
directly from quantum mechanical principles and we obtain transition

My 2

2
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Figure 5. 1-0 S(1) channel map obtained by collapsing the channels centred
on 2.12 um emission. The red contours show emission above 3o-. The Hy
maps indicate extended clumps of hot gas around cid_346. In addition to the
central host, reference spectra were extracted from the locations marked C1
and C2, where the extended emission is detected in most transitions, ~0.8
and ~1.5 arcsec away from cid_346, respectively.

probabilities from Turner et al. (1977) (see also Wolniewicz et al.
(1998) and Roueft et al. (2019)). For the vibrational temperature of
T~1100*553 K, f,=1,5=3 takes values between 1-7.5x 1072, Using
the flux of the 1-0 S(1) line reported in Table 1 into Eq. 2, we obtain
a hot Hy gas mass of 5.0’:73'% x 10 Mg in cid_346.

We can now compare the mass of the molecular gas in cold phase
(<100 K) to the hot phase (~1000 K — 3000 K). The total amount
of CO-based cold gas in the cid_346 system is 1.2 x 101 My (see
Circosta et al. 2021). The ratio between the CO-based cold molecular
gas mass and the Hy 2.12 um-based hot molecular gas mass is
~ 10° - 10, i.e., the CO-based cold gas mass is nearly six orders of
magnitude larger than the Hy 2.12 um-based hot gas mass, similar
to the values seen in some of the low-redshift galaxies (e.g., Pereira-
Santaella et al. 2016; Emonts et al. 2017). We further discuss the
comparison of cold-to-hot gas mass ratios with low redshift galaxies
in Sect. 5.

4.2 Extended hot molecular gas

In this section, we present channel maps of the brighter 1-0 S(1) line
and search for the presence of extended hot molecular gas emission.
Figure 5 shows the hot molecular gas map, obtained by collapsing
the channels containing 1-0 S(1) emission. The hot molecular gas
appears extended beyond the MRS PSF and the observed spatial
extent is observed in approximately the same direction as the [O 1]-
based ionised gas reported in Kakkad et al. (2020). In particular, we
identified two locations, which we name C1 and C2 approximately
1.0 (~8.2 kpc) and 2.0 (~16.4 kpc) arcsec from the AGN location,
respectively, (also marked in Fig. 5), where the hot molecular gas
emission is prominent. Within the current scope of this paper, we
do not attempt to decompose emission contributions from the QSO
and host galaxy separately (e.g., Chen et al. 2024) and will be imple-
mented in future studies utilising this MIRI-MRS data. This would
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Figure 6. 1-0 S(1) detections in extended regions: the left panel shows spec-
trum from C1 and the right panel shows spectrum from C2 (see Fig. 5).
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Figure 7. The left panel shows a diffuse extended CO(3-2) emission towards
the SE of cid_346 at (0,0) arcsec. The red contours show the CO emission
at levels 307, 40 and 50°. The spectrum extracted from the yellow circle,
covering the extended CO emission, is shown in the right panel. The blue
curve in the right panel shows the data and the red curve shows the Gaussian
model to the emission line. The dashed black line shows the location of
the CO(3-2) peak emission from cid_346 (see also Circosta et al. (2021)),
suggesting that the extended CO(3-2) emission is red-shifted with respect to
cid_346.

also facilitate a direct comparison with existing ground-based ancil-
lary near-infrared IFU and sub-mm data.

We extract MRS spectra from C1 and C2 using circular apertures
centred on the respective locations, with a radius of 0.25 arcsec,
approximately corresponding to the PSF of the MRS at these wave-
lengths 3. The size of the apertures were manually chosen to roughly
correspond to the extent of the emission in each spatial component.
We detect 1-0 S(1) emission in C1 and C2 at 2.40- and ~40, re-
spectively (see Figs. 5 and 6 and Table 1). The 1-0 S(0) component
remained undetected in the extended regions.

Having detected the extended hot molecular gas in the MIRI/MRS
data in the same direction as the extended ionised gas in
VLT/SINFONI data, we re-analysed the archival ALMA CO(3-2)
data of cid_346 (Project code: 2016.1.00798.S) to search for ex-
tended cold molecular gas component in the SE direction of the
AGN. The details of the ALMA programme from which we obtained
the data are available in Circosta et al. (2021). The left panel in fig-
ure 7 shows the detection of diffuse and extended CO(3-2) emission,
located >2.0 arcsec from cid_346 at ~30 significance level. We ex-
tracted a spectrum from a circular aperture covering the extended
CO emission, shown as a yellow circle in Fig. 7. The extracted CO

3 https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-
operations/miri-dithering/miri-mrs-psf-and-dithering
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Figure 8. The left panel shows the combined multi-colour image from the
raw NIRCam image filters F150W, F277W and F44W and the right panel
shows the corresponding PSF-subtracted image where the two companions,
Sa and Sb, are clearly visible.

Arest / fm
3%10-1 4x10-! ox 10 =
10! |
AGN
A - Host
= o * :
< 103 b -
E Fe
_: 071 4 MHLQI‘ [ —OM' “ ‘*
20 e 7‘ |
o
51072 4 |
= ‘ ‘ o ‘
~ . ‘
& e | T
S - Toenl
O 1 |
10~ '
10° 2x10° 3x10  4x10°
)\ubs/'u‘m

Figure 9. The SED fitting results of cid_346, Sa and Sb. The red data points
and the corresponding curve shows the AGN component of cid_346, the black
colours corresponds to the host galaxy of cid_346, the blue colours to Sa and
green to Sb.

spectrum is shown in the right panel of Fig. 7. The peak location
of the extended CO component is red-shifted by ~120 km s~!. The
width of the extended CO component is 120 km s~ !, compared to a
width of 201 km s~ ! observed in cid_346.

Following the procedure described in Sect. 4.1, we calculate the
gas mass in the extended regions, C1 and C2, to be 1.5i21'31 x 10°
Mg and 1.6*_'2]'31 x10° Mo, respectively. Along with the central host,
cid_346, the total hot molecular gas in cid_346 system is ~ 8.4 x 10°
M. Most of the hot molecular gas (~60%) is concentrated in the
central AGN itself, while the rest of the hot gas is in the extended
regions. Similarly, the total amount of CO-based cold gas in the
cid_346 systemis 1.5 % 10!! Mg, out of which ~80% is from cid_346
(1.2x101! Mo, see Circosta et al. 2021), while the rest 20% is from
the extended component. Even after accounting for these extended
components, cold molecular gas dominates the mass budget.

4.3 Companions around cid_346 with NIRCam imaging

As described in Sect. 3.2, cid_346 was also covered as a part of the
COSMOS-Web imaging campaign. Given the extended ionised, hot
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Table 2. Morphological and photometric parameters of cid_346 system estimated from the four-component image modelling. See Sect. 4.3 for further details.

Component n* refarcsec®  mpgaw®  mpiisw®  mpsow® mp277w® MEsaaw®
AGN PSF - - 19.3+0.1 19.2 £ 0.1 19.2 £ 0.1 19.3+0.03 18.7 £ 0.02
AGN host 0.8+0.2 0.25+0.01 23.6+x0.6 23.1+0.5 21.7+0.3 21.13+0.07 20.5+0.1

Sa 25+0.6 0.15+0.05 269+04 263+04 253+0.2 2591+0.07 25.1+0.2
Sb 1.3+£0.2 0.10+0.01 <27.8 26.8+0.4 26.0+0.2 25.87+0.06 25.9+0.1

2 n and r, are the values measured for the F277W image.
b AB magnitude (Oke 1974).

and cold molecular gas, we explored the imaging data to search for
the presence of possible companions around cid_346.

JWST/NIRCam images are contaminated by PSF-diffracted
spikes. Therefore, we cannot visually identify the presence of ex-
tended component in the host galaxy or possible presence of compan-
ions in each of the filters (F150W, F277W and F444W) of NIRcam
raw images (see left panel in Fig. 8). Therefore, we perform PSF-
subtraction based on the methods outlined in Tanaka et al. (2024)
and briefly mentioned here. NIRCam PSFs were constructed using
PSFEx (see Bertin 2011) that empirically models PSF based on stars
detected from applying SeXtractor software package (see Bertin
& Arnouts 1996). We fit the images from each NIRCam band with
a composite model consisting of a single PSF component and ad-
ditional Sérsic components. The number of additional components
required was decided based on the lowest Bayesian Information Cri-
terion (BIC, see Schwarz 1978).

We required a total of three Sérsic components to fit the cid_346
system. The first Sérsic component was required for the host galaxy
of the AGN itself. In addition, we fit two other Sérsic components,
which we refer as Sa and Sb, corresponding to two companions
which are detected towards the SE of the AGN location. We estimate
the error of the fitted parameters using X,z,—based weighting of each
single PSF, following the approach of Ding et al. (2020). Table 2
reports the values of the parameters n, re, flux, and S/N of each of
the components estimated from the above four-component fitting.

The left panel of Fig. 8 shows the raw NIRCam multi-colour im-
age combining the filters F150W, F277W and F444W and the right
panel shows the PSF-subtracted multi-colour image where the two
components are detected. Based on the F277W results, the cen-
tre positions of Sa and Sb are (RA (J2000) = 09:59:43.4, DEC
(J2000) = +02:07:06.5) and (RA (J2000) = 09:59:43.4, DEC (J2000)
= +02:07:06.0), respectively, which are offset by ~0.8 arcsec (~6.6
kpc) and ~1.4 arcsec (~11.6 kpc) from the host galaxy. The raw
images of the individual NIRCam images and the PSF subtracted
images are moved to the appendix (see Figure A2).

The indications of companions (or satellite galaxies), along with
extended multi-phase gas in cid_346 suggests that this galaxy may be
in a minor merger. Although we will later show that the components,
C1 and C2, in Hy emission discussed in Sect. 4.2 do not directly
align with the Sa and Sb detected in NIRCam images (right panel
in Fig. 10), the presence of companions may explain the extended
gas reservoir seen in cid_346 (see also Cicone et al. 2021). We also
estimate the properties of each companion using Spectral Energy
Distribution (SED) fitting, following the methods in Tanaka et al.
(2024). We briefly describe the procedure here. We fit the photomet-
ric fluxes of each component using CIGALE-v2022.1 SED fitting
library (see Boquien et al. 2019; Yang et al. 2022). As the extended
hot molecular gas is detected in a similar direction as the Sa and
Sb components, we assume that Sa and Sb are at the same redshift
as cid_346. We model the stellar populations using a single stellar

population model (by Bruzual & Charlot 2003), assuming a Chabrier
initial mass function (IMF; Chabrier 2003) with a stellar mass (M.)
range between 0.1-100 M. We assume a delayed-t model for a
star-formation history (see equation 7 in Tanaka et al. (2024)). We
model the nebular emission using the nebular module and dust
attenuation using the dustatt_modified_starburst module, the
latter assuming a modified Calzetti et al. (2000) law. To limit the
models within physical solutions, we set the upper limit of 7age to
0.95ty, where ty indicates the cosmic age at each redshift. Stellar
metallicity, Z, and the ionisation parameter, U, are fixed at Solar
metallicity and log U = -2, respectively.

Fig. 9 compares the best-fit model SED with the photometry of
each of the components. We estimate the spectral slope of the AGN
component, @ (Fy o< 1%), to be ~ 1.5, which is typical for nearby
AGNs (e.g., Vanden Berk et al. 2001). The consistency of the slope
with that of nearby AGN validates the decomposition of the AGN
and PSF components presented earlier. The components Sa and Sb,
on the other hand, exhibit different SED shapes, which may suggest
different SFR and dust properties of each of these galaxies. From the
SED fitting results, Sa has a SFR = 1.6+0.9 Mg yr‘l, while Sb has
SFR = 0.5+0.6 Mg yr~!, suggesting Sa may have higher recent star
formation activity than Sb. The stellar mass of the AGN host, log
M., from the SED fits is 10.9+0.3 M. This value is consistent with
the literature results of cid_346 in Tanaka et al. (2024) and similar to
the SED fitting presented in Circosta et al. (2018) and Bertola et al.
(2024). The stellar mass of the two companions, Sa and Sb, on the
other hand, are log M, = 8.9+0.3 Mg and 8.9+0.2 M, respectively.
Although this suggests that the companion galaxies are 100 times
less massive than the AGN host itself, the SED fitting presented have
large uncertainties and the analysis presented here only indicates the
possible presence of a minor merger in cid_346 system. We further
discuss the role of possible mergers in driving the AGN activity in
Sect. 5.

5 DISCUSSION

We presented new JWST rest-frame near-infrared spectra and NIR-
Cam imaging of cid_346, a luminous AGN at cosmic noon epoch.
Figure 10 shows a summary of the extended emission from the multi-
wavelength spatially-resolved data presented in this paper and in the
literature: [O mi1]-based ionised gas maps from VLT/SINFONI, CO(3-
2)-based cold molecular gas maps from ALMA, H, 2.12 um-based
hot molecular gas from MIRI/MRS and PSF-subtracted NIRCam
F277W image. All the gas components i.e., ionised gas, cold and
hot molecular gas are extended approximately in the same spatial
direction (SE of the AGN). There are differences in the exact loca-
tions and extension of the different gas components. VLT/SINFONI
observations only probed the inner 1.5 arcsec of the host galaxy (or
0.75 arcsec = 6 kpc from the AGN location). However, based on
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Figure 10. The background image in the left panel shows the ground-based [O 11] flux map from SINFONI observations (Kakkad et al. 2020), the middle panel
shows the extended CO(3-2) channel map from ALMA observations from Fig. 7 and the right panel shows the 1-0 S(1) map (also shown in Fig. 5). The red
contours in the all the panels show the Hp 1-0 S(1) emission at 2.12 ym and the white contours in the right panel show the NIRCam PSF-subtracted contours.

the cold and hot molecular gas observations, it is possible that the
ionised gas might be extended beyond 6 kpc from the AGN. The peak
of the extended CO(3-2) emission is seen nearly at the edge of the hot
molecular gas clump C2. This suggests a multi-phase ionisation or
gas excitation by the AGN, starting with the warm ionised gas phase
(~10000-20000 K), followed by hot molecular (~1000 K) and cold
molecular (<100 K) gas, as one moves away from the AGN location.

Over the last few years, several observations of the cold molecular
gas in mass-matched AGN and non-AGN host galaxies at Cosmic
Noon have revealed a systematic difference between the CO-based
cold molecular gas content in the two classes of galaxies. In these
studies, the AGN host galaxies seem to have lower CO-based cold
gas mass compared to non-AGN hosts (see Kakkad et al. 2017; Brusa
et al. 2018; Circosta et al. 2021; Bertola et al. 2024). A few observa-
tions at low-redshift have revealed that molecular gas exists in warm
or hot gas phases, where the CO emission is absent (e.g., Rosario
et al. 2019; Davies et al. 2024). Our JWST/MRS and ALMA obser-
vations of cid_346 were mainly motivated to evaluate what fraction
of molecular gas may exists in the warm or hot molecular gas phases
at cosmic noon, compared to the cold molecular gas phase. The ob-
servations presented in this paper may be one of the first detections
of Hy 2.12um-based hot molecular gas in a galaxy at Cosmic Noon.
Here we present some possibilities on the mechanisms in cid_346
that could excite the detected ro-vibrational transitions. The Hy ro-
vibrational transitions in the near-infrared spectra could be excited
by non-thermal processes such as fluorescent excitation due to ab-
sorption of UV photons (e.g., Black & van Dishoeck 1987) or by
thermal processes such as excitation by X-ray heating (e.g., Mal-
oney et al. 1996) or by shocks (e.g., Hollenbach & McKee 1989).
Several line ratios and correlations can be used to distinguish be-
tween the different excitation mechanisms. For example, the line
ratio: Hy 42.2477/2.1218 can distinguish between thermal (~0.1)
and fluorescent (~0.5) excitation mechanisms (e.g., Mouri 1994; Re-
unanen et al. 2002; Rodriguez-Ardila et al. 2005; Riffel et al. 2008;
Storchi-Bergmann et al. 2009). We do not detect Hy 2.2477 pum
emission in the MIRI-MRS data of cid_346. However, we calculate
an upper limit on the flux ratio Hy 12.2477/2.1218 of 0.3, which
suggests that the observed Hy 2.12 um is likely excited by thermal
processes. We can also estimate the 2.12 ym flux that can be gen-
erated by a given X-ray incident radiation, following Maloney et al.
(1996) models. We follow the methodology adopted in Riffel et al.
(2008) (see also Zuther et al. 2007; Storchi-Bergmann et al. 2009),
calculating the ionisation parameter, &g, using incident hard X-ray
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Figure 11. Background image shows the 2.12 um flux map with 6.2 GHz
radio contours from VLA A-array (Ilha et al.).

flux at distances of ~100-200 pc from the central source. We calculate
the expected emergent Hy 2.12 ym flux in the range ~ 10~ 18 _10-17
ergs~! cm™2, for a ~0.4 arcsec aperture, the same as the one used to
extract the MRS spectrum from the central source in cid_346. Com-
paring this emergent flux with the observed flux reported in Table 1,
it is likely that the X-ray heating from the AGN can account for most
of the observed Hy 2.12 yum flux.

Fig. 11 shows the 2.12 ym emission with 6.2 GHz radio contours
obtained from VLA A-array observations overlaid. We matched the
peak of the radio emission and the peak of H2 2.12 um emission for
the overlay shown in Fig. 11. The extended radio structure around
this source bending approximately at the location of C1 suggests that
the C1 component/clump may have been shock-excited due to the
radio jet. Even in the central source, the radio jets may contribute to
the H, emission. Details of the JVLA observations will be presented
in detail in a forthcoming paper (Ihla et al.). Therefore, in addition
to, or alternative to the X-ray radiation from AGN accretion disc,
radio jets might deplete CO-based molecular gas while enhancing
the emission from hot molecular gas. Coupled with the fact that
NIRCam imaging observations suggest cid_346 is in an interacting
system, the emerging picture from these observations is that the hot
molecular gas forms a part of the larger extended gas reservoir of this
merging system of galaxies, that is shock-heated due to the presence
of radio jets and is also being ionised by the central AGN.



Using the observed flux and temperature of the Hy 2.12 um line,
we find the total mass of the hot molecular gas phase, calculated using
the 2.12 um emission extracted from cid_346, C1 and C2 (Fig. 5),
of 8 x 10° M. The ratio of hot-to-cold molecular gas in cid_346 is
1074-1073. Using a combination of VLT/SINFONI H, 2.12ym and
ALMA CO-based observations, Emonts et al. (2017) and Pereira-
Santaella et al. (2016) reported a hot-to-cold molecular gas mass
ratio of ~ 6 — 7 x 10~ in low-redshift (z ~ 0.01) Luminous Infrared
Galaxies (LIRGs) hosting either an AGN or starburst. Although the
statistics are low, comparing our results from cid_346, with that of
the local LIRGs, there does not appear to be a significant evolution
in the hot-to-cold molecular gas masses with redshift, at least until
cosmic Noon. On the other hand, Dale et al. (2005) reported lower
hot-to-cold gas mass ratios of ~ 1077 - 10 in a heterogenous
sample of nearby galaxies, but predominantly normal star forming
galaxies. The lower hot-to-cold gas mass ratios in non-AGN galaxies
may suggest that instead of a redshift evolution in the ratio, it may
be the AGN luminosity that drives the hot molecular gas masses
to higher values. However, more statistics are required at Cosmic
Noon that includes both star forming and AGN host galaxies to
isolate the redshift evolution and AGN impact on molecular gas.
Focusing only on the hot-to-cold gas ratio of cid_346, our results
from JWST/MRS spectroscopy, therefore, suggest that at cosmic
noon, the bulk of the molecular gas still exists in the cold gas phase.
When comparing the mass of total molecular gas in AGN versus
non-AGN host galaxies after taking into account the hot molecular
gas mass, we would still end up with a systematic difference in the
molecular gas content between the two classes of galaxies. On the
other hand, as mentioned earlier in this section, the findings in this
paper reveals that the impact of the AGN on molecular gas may be
observed on localised spatial scales. Future JWST/MRS observations
of both AGN and star forming galaxies at cosmic noon are required
to expand our measurements of the relative amount of hot and cold
molecular gas phases and the detectability of the warm gas phase
in a general population of galaxies at that epoch. An MRS+ALMA
study of a statistical sample of galaxies will also reveal if there are
systematic differences in the hot molecular gas properties between
mass-matched AGN and star forming galaxies, as is revealed with
ALMA for the cold gas phase (e.g., Kakkad et al. 2017; Circosta
et al. 2021; Bertola et al. 2024).

PSF-subtracted NIRCam images of cid_346 from COSMOS-Web
survey reveals the presence of at least two companions roughly to-
wards the south east of the AGN location. This may explain the
presence of extended multi-phase gas reservoir in this system, al-
though the exact locations of the continua may not correspond to the
locations of the spatial peaks or clumps of the extended gas, as shown
in the right panel of Fig. 10. The indications of satellite galaxies may
suggest a merger-driven growth of both the supermassive black hole
as well as star formation in the host galaxy of cid_346. At the same
time, the accretion appears to drive multi-phase outflows, clearly
seen in the [Oi1]-based ionised gas and tentative indications in the
hot molecular gas. However, we make a few observations about the
outflows in different gas phases: First: In ground-based IFU data, it
is possible that red-shifted and blue-shifted components of the emis-
sion lines (from the inflow or outflow or simply due to turbulence
in the merger) got blended with each other, which may artificially
broadened emission lines. Second: The absence of wings in molec-
ular gas tracers compared to ionised gas could be due to the fact that
molecular gas might be dominated by emission from the disk of the
host galaxy, while the [O 111] emission may be dominated by emission
from the NLR. At low-redshift, for example in the interacting system
Arp 220 (see Perna et al. 2024), wings representing outflowing gas
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has been observed in Pa-a or iron lines (Fe 1), but such broad line
profiles are not detected in the Hj transitions, similar the observations
here (see also Speranza et al. 2022). On the other hand, limited SNR
or the limited spectral resolution in the Hp spectra may also limit
the detection rates of outflow wings underneath the lines. Therefore,
future deeper MRS observations of this source are required to reveal
potential wings in the individual emission line profiles and diffuse
hot molecular gas emission around the cid_346 system.

6 CONCLUSIONS AND FINAL REMARKS

We analysed MIRI/MRS spectra and NIRCam images of an AGN host
galaxy at Cosmic noon, cid_346. Previous ground-based spatially-
resolved observational campaigns of cid_346 already showed the
presence of extended outflowing ionised gas with a large reservoir of
cold molecular gas. The primary aim of the MRS spectroscopy was
to search for the hot molecular gas phase using the ro-vibrational
transitions in the rest-frame near-infrared spectra such as the 1-0
S(1) transition at 2.12 um. The following summarises the findings
presented in this paper:

e We detect ro-vibrational transition of the H, molecule, partic-
ularly the 1-0 S(1) and 1-0 S(0) lines. The molecular lines are likely
excited by X-ray heating from the AGN. We find an excitation temper-
ature of 1 IOOJ:‘;?S K and a total hot molecular gas of ~ 8.0 x 10° M.
The hot molecular gas mass is nearly five to six orders of magnitude
less than ALMA CO-based cold gas mass, similar to hot-to-cold
molecular gas mass ratios observed at low-redshift. This suggests
that cold molecular gas dominates the bulk of the molecular gas bud-
get in this galaxy and that the hot-to-cold molecular gas ratio does
not appear to change with redshift.

e We find extended hot molecular gas towards the SE of the AGN
location up to a distance of 2.0 arcsec (~16 kpc). The extended
emission is roughly in the same direction as the extended ionised gas
observed in ground-based IFU observations. A re-analysis of ALMA
data also revealed extended CO(3-2) emission at ~ 30 level. Nearly
60% of hot molecular gas is in the central AGN host, cid_346 and the
rest in extended regions. In the case of cold molecular gas, 80% is in
the central AGN host and 20% in the extended regions. Comparing
the Hy 2.12 um emission with VLA A-array 6.2 GHz radio emission
suggests that the extended ro-vibrational transitions may be excited
by the radio jets.

o NIRCam imaging reveals the presence of two satellite galaxies
near cid_346. Photometric and SED fitting analysis suggests that the
stellar mass of these satellites is ~100 times lower than that of the
central AGN host galaxy, cid_346. Collectively, the cid_346 system
is abundant with multi-phase gas, extended to tens of kiloparsec
scales from the central AGN location.

The results presented in this paper showcases the capability of
JWST mid-infrared spectrographs to detect hot molecular gas in
galaxies at Cosmic noon. Future surveys targeting a statistical sample
of both AGN and star forming galaxies will be essential to derive
a multi-phase molecular gas picture at an epoch where feedback
from AGN and/or star formation is expected to play a pivotal role.
Additionally, deep resolved observations with both JWST and ALMA
are required to understand the origins of the extended multi-phase
molecular gas. Furthermore, comparison with zoom-in simulations
on the impact of radiation on molecular gas composition will be
crucial to infer the impact of AGN on preventative mode feedback
by heating molecular gas to higher temperatures.
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Figure A1l. Comparison of H, detections in cid_346 integrated spectra (blue curves in the left panels) with spectra extracted from object-free regions (grey
curve in the right panel). The magenta shaded regions mark the location of the 1-0 S(1) and 1-0 S(0) lines in the top and bottom panels, respectively.
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Original Model PSF-subtracted

F27TW F150W F115W F814W

F444W

Figure A2. This figure shows the NIRCam images from all the observed filters covered in COSMOS-Web campaign. Left panels show the original image, the
middle panel shows the image models (see Sect. 4.3) and the right panel shows the residuals after subtracting the models in the middle panel from the original
images in the left panel. The presence of two extended companions is clear, especially in the PSF-subtracted images from the filters F150W, F277W and F444W.
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