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A B S T R A C T 

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 H2 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 H2 ro-vibrational transition at 2.12μm. We measure a hot molecular 
gas mass of ∼ 8 . 0 × 105 M�, which is ∼ 105 − 106 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, H2 ro-vibrational transitions are effective 
in tracing hot molecular gas locally in regions that may lack CO emission. 

Key words: techniques: spectroscopic – methods: observational – galaxies: active – galaxies: individual – (galaxies:) quasars: 
supermassive black holes. 
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 I N T RO D U C T I O N  

eedback from growing supermassive black holes, also known as
ctive Galactic Nuclei (AGN), has become a fundamental compo-
ent of cosmological simulations that model galaxy formation and
volution (e.g. Genel et al. 2014 ; Hirschmann et al. 2014 ; Schaye
t al. 2015 ; Dubois et al. 2016 ; Pillepich et al. 2018 ; Schaye et al.
023 ). AGN feedback plays a key role in limiting star formation
fficiency, particularly in galaxies with high halo masses (e.g. Benson
t al. 2003 ; Somerville et al. 2008 ; Harrison 2017 ; Rennehan et al.
024 ). As a result of incorporating these feedback mechanisms,
imulations now closely match the observed stellar mass functions of
alaxies, especially at low redshifts (see also Silk & Mamon 2012 ). 

Observations of multiphase gas outflows have been crucial in
dentifying signatures of ongoing AGN-driven feedback. Numerous
tudies, ranging from fibre or slit spectroscopy to integral field spec-
roscopy (IFS) in rest-frame optical wavelengths, have successfully
 E-mail: darshankakkad@gmail.com 
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etected fast winds (velocity, v > 1000 km s−1 ) in the ionized gas
hase of AGN, star-forming, and starburst galaxies. These studies
ften use [O III ] λ5007 ([O III ]hereafter) or H α as ionized gas tracers,
overing galaxies from low-redshift to Cosmic Noon (1 < z < 3)
o the Epoch of Reionization (e.g. Arribas et al. 2014 ; Harrison
t al. 2014 ; Förster Schreiber et al. 2018 ; Rakshit & Woo 2018 ;
avies et al. 2020 ; Kakkad et al. 2022 , 2023a ; Carniani et al.
023 ; Loiacono et al. 2024 ; Roy et al. 2024 ; Tozzi et al. 2024 ;
ravascio et al. 2024 ; Vayner et al. 2024 ). Outflows have also
een observed in the molecular gas phase, where they are believed
o carry the bulk of the outflow mass in galaxies (e.g. Cicone
t al. 2014 ; Carniani et al. 2015 ; Fiore et al. 2017 ; Fluetsch et al.
019 ; Lutz et al. 2020 ; Veilleux et al. 2020 ). These outflows are
xpected to be especially important in delivering feedback into
he interstellar medium (ISM) during Cosmic Noon, when both
he volume-averaged star formation rate (SFR) and AGN accretion
ctivity reach their peak (e.g. Shankar, Weinberg & Miralda-Escudé
009 ; Madau & Dickinson 2014 ). 
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The relationship between AGN activity and star formation, par- 
icularly the impact of AGN-driven outflows on SFR, remains a 
opic of active debate in the literature. AGN activity is typically 
dentified by excess emission in various wavelengths – beyond what 
an be attributed to star formation or internal processes within the 
ost galaxy – such as hard X-rays, mid-infrared, or radio, as well as
hrough nebular diagnostics in UV, optical, or infrared wavelengths 
e.g. Baldwin, Phillips & Terlevich 1981 ; Hirschmann et al. 2023 ).
he time-scales of this AGN activity can differ by several orders
f magnitude ( > 105 yr: Schawinski et al. 2015 ; Padovani et al.
017 ). SFR, on the other hand, is conventionally measured using
hort-term tracers ( ∼10 Myr) like H α or [O II ] λ3727 emission lines
e.g. Glazebrook et al. 1999 ; Murphy et al. 2011 ; Calzetti 2013 ;
acchella et al. 2022 ), or long-term tracers ( ∼100 Myr) such as far-

nfrared (FIR) or sub-mm continuum (see reviews by Kennicutt 1998 ;
ennicutt & Evans 2012 ). This difference in time-scales between 
GN activity and star formation measurements likely contributes 

o the wide range of findings on the AGN-SFR relationship in 
he literature. For example, Rosario et al. ( 2012 ) found that the
onnection between FIR luminosity (an SFR indicator) and AGN 

ccretion rate depends on both AGN luminosity and redshift. At 
igh redshifts, in particular, there appears to be no clear relationship 
etween FIR-based SFR and AGN accretion activity. However, 
patially resolved studies of H α emission in a few galaxies suggest
hat AGN outflows may either suppress or enhance star formation 
ocally, on sub-kiloparsec to kiloparsec scales (e.g. Cano-Dı́az et al. 
012 ; Cresci et al. 2015 ; Carniani et al. 2016 ; Bessiere & Ramos
lmeida 2022 ; Kakkad et al. 2023b ), a result also supported by

ecent zoom-in simulations (see Mercedes-Feliz et al. 2024 ). 
Molecular gas, however, offers a promising alternate avenue for 

ssessing the impact of AGN feedback in galaxies. Since stars form
rom cold molecular gas, AGN-driven outflows, whether by radiation 
ressure or jets, are likely to impact the molecular gas first. These out-
ows could sweep up and eject the cold gas (‘ejective’ feedback), or

ncrease the temperature or turbulence within the gas (‘preventative’ 
eedback). Recent simulations with EAGLE suggest that AGN host 
alaxies contain larger molecular gas reservoirs compared to star- 
orming galaxies. For example, Ward et al. ( 2022 ) investigated the
olecular gas content of quasars in three cosmological simulations, 

amely EAGLE (Schaye et al. 2015 ), IllustrisTNG (Nelson et al. 
019 ), and SIMBA (Davé et al. 2019 ) and concluded that AGN host
alaxies should have similar or enhanced molecular gas fractions 
ompared to mass-matched inactive galaxies (or normal star-forming 
alaxies), both at z = 0 and z = 2. However, observations present con-
icting results. Atacama Pathfinder Experiment telecope (APEX)- 
ased CO observations of low-redshift, X-ray-selected AGN host 
alaxies (e.g. Koss et al. 2021 ) support the idea that AGN often
eside in gas-rich environments. In contrast, other studies report no 
ignificant difference in local molecular gas content between AGN 

osts and mass-matched star-forming galaxies at low redshift (e.g. 
usemann et al. 2017 ; Rosario et al. 2018 ), or even suggest that
GN host galaxies have lower molecular gas content in their central 

egions compared to the rest of the galaxy (e.g. Ellison et al. 2021 ;
arcı́a-Burillo et al. 2024 ). At Cosmic Noon, follow-up campaigns 
sing Atacama Large Millimeter/submillimeter Array (ALMA) and 
orthern Extended Millimeter Array (NOEMA) have indicated faster 
as depletion in AGN hosts compared to star-forming galaxies (e.g. 
akkad et al. 2017 ; Bischetti et al. 2021 ; Circosta et al. 2021 ; Bertola

t al. 2024 ; Frias Castillo et al. 2024 ). 
The studies mentioned above predominantly use different exci- 

ations of the CO molecule as tracers for cold molecular gas (see
eviews by Carilli & Walter 2013 ; Saintonge & Catinella 2022 ). This
old phase of molecular gas is at temperatures of T ≤ 100 K. But
n turbulent environments with strong AGN radiation, gas can be 
xcited to higher temperatures, a phenomenon extensively studied 
n the context of galaxy clusters (see McNamara & Nulsen 2007 ;
abian 2012 ). This is especially relevant at Cosmic Noon, where
eightened accretion and star-forming activity may result in a larger 
raction of molecular gas excited to warm ( T ∼ 500 K) or hot ( T

1000 − 3000 K) phases. The warm molecular gas is typically 
raced via rotational transitions of the H2 molecule in rest-frame 

id-infrared spectra (e.g. Armus et al. 2023 ; Hernandez et al. 2023 ;
sparza-Arredondo et al. 2025 ). In this paper, we focus on the hot
olecular gas phase at traced by the ro-vibrational transitions of 
2 in rest-frame near-infrared spectra, particularly the 1–0 S(1) and 
–0 S(0) transitions at 2.12 and 2.22μm, respectively (e.g. Black &
an Dishoeck 1987 ; Elmegreen 1989 ; Hollenbach & McKee 1989 ;
aloney, Hollenbach & Tielens 1996 ; Rosario et al. 2019 ; Riffel

t al. 2021 , 2023 ). 
At low-redshift, these ro-vibrational and rotational transitions have 

een extensively observed in a variety of galaxies, including galaxies 
hat host AGN-driven outflows (e.g. Davies et al. 2009 ; Storchi-
ergmann et al. 2009 ; Friedrich et al. 2010 ; Dasyra & Combes
011 ; Rupke & Veilleux 2013 ; Ramos Almeida & Ricci 2017 ;
osario et al. 2019 ; Riffel et al. 2021 ; Armus et al. 2023 ; Hernandez
t al. 2023 ; Esparza-Arredondo et al. 2025 ; Ulivi et al. 2025 ). The
icture arising from these low-redshift studies is that near-infrared 
nd mid-infrared H2 lines are strongly enhanced in cool gas shocked 
y AGN-driven outflows. Therefore, at high redshift, especially at 
osmic noon, where several AGN and star-forming galaxies have 
een shown to host outflows, the warm and hot molecular gas
re expected to be prevalent. Up until the launch of JWST , it was
ot possible to trace such warm and hot molecular transitions at
osmic noon. However, with the unique spectroscopic capabilities 
f the Medium Resolution Spectrometer (MRS) of the Mid-infrared 
nstrument (MIRI) onboard JWST , it is now possible to trace the
est-frame near-infrared transitions out to cosmic noon and beyond. 

In this paper, we present the first-ever detection of the hot
olecular gas transition in an AGN host galaxy at z ∼ 2 . 2, traced via

est-frame near-infrared ro-vibrational H2 transitions. The selected 
arget is a hard X-ray AGN source, which hosts kpc-scale ionized gas
utflows, traced using the [O III ]line and is detected in CO(3-2) tran-
ition via ALMA and Atacama Compact Array (ACA) observations. 
he paper is arranged as follows: Section 2 summarizes the basic
roperties of the target, followed by a description of JWST /MRS mid-
nfrared spectroscopic and JWST /NIRCam near-infrared imaging 
bservations and data reduction in Section 3 . The analysis of the
id-infrared spectra and NIRCam images and the corresponding 

esults are presented in Section 4 . This is followed by a discussion
nd concluding remarks in Sections 5 and 6 , respectively. 

The following cosmological parameters are adopted throughout 
his paper: H0 = 70 km s−1 , �M 

= 0.3 and �� 

= 0.7. Unless
pecified, North is up and East is to left in the maps presented. 

 TA R G E T  DESCRI PTI ON  

he 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
INFONI Survey for Unveiling the Physics and Effect of Radiative 
eedback (e.g. Circosta et al. 2018 ; Mainieri et al. 2021 ) and is
ocated within the COSMOS field (e.g. Scoville et al. 2007 ; Civano
t al. 2016 ). Publicly available multiwavelength photometric and 
pectroscopic data have enabled precise determination of the AGN 

nd host galaxy properties through Spectral Energy Distribution 
SED) modelling (see Circosta et al. 2018 ). In this section, we outline
he key characteristics of this target, also summarized in Fig. 1 , and
MNRAS 541, 3534–3548 (2025)
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M

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 top right panel shows the location of cid 346 
in the MBH − M∗ plane. cid 346 is clearly above the MBH − 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-ionization. The bottom left panel shows 
the location of cid 346 in the outflowing region of the NH versus λEdd parameter space (see Fabian, Vasudevan & Gandhi 2008 ). The bottom right panel shows 
cid 346 in the L′ 

CO(1 −0) 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 further details, please refer to Section 2 . 
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efer to Circosta et al. ( 2018 , 2021 ), Vietri et al. ( 2020 ), and Bertola
t al. ( 2024 ) 1 for further details. 

cid 346 is classified as a Type-1 AGN, as indicated by the presence
f broad lines in its rest-frame ultraviolet (UV) and optical spectra.
he black hole mass, estimated from the broad H β line, is log MBH 

 9.15 ± 0.30 M� (see Vietri et al. 2020 ). Stellar mass and SFR,
erived through SED modelling, are log M∗ < 11.13 M� and 382

37 M� yr−1 , respectively (see Bertola et al. 2024 ). These values
osition cid 346 at the upper boundary of the star-forming main
equence in the SFR-M∗ plane (Fig. 1 , top left panel). Its black hole
ass is significantly higher than expected based on the local MBH –M∗

elation, suggesting that the supermassive black hole in cid 346 may
e overmassive relative to its host galaxy (Fig. 1 , top right panel).
his phenomenon, where overmassive black holes are observed, has
een reported in recent studies in galaxies at the Cosmic Noon to the
poch of Re-ionization (e.g. Übler et al. 2023 ; Mezcua et al. 2024 ).
he position of cid 346 in these scaling relations, in conjunction with
NRAS 541, 3534–3548 (2025)

 The SED fitting results for cid 346 were updated in Bertola et al. ( 2024 ) 
sing the latest releases of the photometric catalogues for the COSMOS field 
Jin et al. 2018 ; Weaver et al. 2022 ). 

a  

u  

t
 

u  

a  
id-infrared data and comparisons to other AGN host galaxies, will
e discussed in a forthcoming paper. 
The bolometric luminosity of the AGN in cid 346 is log Lbol =

6 . 66 ± 0 . 02 erg s−1 . Based on the black hole mass reported earlier,
he Eddington ratio of the AGN, λEdd (where λEdd = Lbol /LEdd and

Edd = 1 . 3 × 1038 × MBH / M� erg s−1 ), is 0.25. Additionally, X-ray
pectral analysis reveals that cid 346 hosts a highly obscured AGN,
ith an X-ray column density log NH = 23 . 05+ 0 . 17 

−0 . 19 cm−2 . We place
hese values in the NH versus λEdd plane, within the context of
mpirical models of outflows in dusty ISM from Fabian et al. ( 2008 )
n Fig. 1 . Below log NH = 21 . 5 cm−2 (horizontal line in lower left
anel in Fig. 1 ), dust lanes from the host galaxy could contaminate
he column density values. The empirical continuous line in the
gure divides the region where Eddington ratio experienced by the
loud is below the Eddington limit (grey shaded region) or above
he Eddington limit (unshaded region), the latter defined as the
forbidden region’ for long-lived clouds or ‘blowout region’ (see
lso Kakkad et al. 2016 ; Ricci et al. 2017 ). cid 346 falls within the
nshaded region of the NH versus λEdd plot, and is therefore expected
o experience an outflow. 

cid 346 has been the focus of several observational campaigns
sing various ground-based telescopes to trace extended ionized
nd cold molecular gas. A brief overview of these observations is
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Figure 2. The top panels show the [O III ]flux map (left) and the integrated 
spectrum covering the entire region of the [O III ] emission (right). The [O III ] 
is extended towards the SE of the AGN location (marked by black star) and its 
spectrum shows a prominent blue-wing, indicative of ionized outflows. The 
bottom panels show the ALMA CO(3-2) flux map (left) and the corresponding 
integrated spectrum (right). Further details about the ionized and molecular 
gas properties are described in Section 2 . 
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rovided below, with key results relevant to this paper summarized 
n Fig. 2 . 

(i) Observations with Spectrograph for INtegral Field in the 
ear Infrared (SINFONI) aboard the Very Large Telescope (VLT) 
rovided near-infrared spatially resolved IFS of cid 346 in the H - 
and, which revealed ionized gas outflow traced by [O III ], extending
p to ∼4 kpc in the southeast direction from the nucleus. This
xtended outflow is further confirmed through Point Spread Function 
PSF)-subtraction techniques (e.g. Kakkad et al. 2020 ). The outflow 

elocity exceeds 1000 km s−1 , indicating that the AGN is driving the
utflow. Based on the outflow model described in Kakkad et al. 
 2020 ), the ionized gas mass outflow rate, Ṁout , is estimated to
e between 0.6–15 M� yr−1 . This is significantly lower than the 
tar formation rate of ∼380 M� yr−1 , suggesting that there is still
ufficient gas in the host galaxy to support ongoing star formation 
espite the fast outflow. 
INFONI K -band IFS observations revealed that H α emission is 
ssociated with the Narrow Line Region (NLR) outflow, as it extends 
n the same direction as the ionized gas, with FWHM (full width at
alf-maximum) > 600 km s−1 . A resolved BPT (Baldwin, Phillips, & 

erlevich: Baldwin, Phillips & Terlevich 1981 ) map of the extended 
as, combined with the [O III ]results from the H -band, indicates that
his emission is most likely ionized by the AGN, based on emission
ine ratio diagnostic diagrams commonly used for the local universe 
e.g. Kewley et al. 2001 ; Kauffmann et al. 2003 ). 

(ii) cid 346 was also observed with low-spatial resolution 
 ∼1.1 arcsec) ALMA Band-3 to observe CO(3-2) transition to trace 
he total cold molecular gas content (see Circosta et al. 2021 ).
he CO(3-2) luminosity of cid 346, log L′ 

CO(3 −2) , was estimated 
o be 10.25 K km s−1 pc2 . Assuming an excitation correction ( r31 =
′ 
CO(3 −2) /L

′ 
CO(1 −0) ) of 0.59 and a CO to molecular gas conversion 

actor, αCO , of 3.6 M�/(K km s−1 pc2 ), the total cold molecular gas
ontent in cid 346 is log Mmol = 11 . 10 ± 0 . 05 M�. The CO-based
old gas to M∗ ratio is consistent with the loci of star-forming
alaxies in the L′ 

CO(1 −0) versus M∗ plot shown in the bottom right 
anel of Fig. 1 . The background blue and red points are obtained
rom a compilation of molecular gas studies in star-forming and 
GN host galaxies in Bertola et al. ( 2024 ) (see also Tacconi et al.
018 ; Boogaard et al. 2020 ; Birkin et al. 2021 ), which uses the
ollowing excitation corrections: r41 = 0 . 37 , r31 = 0 . 59 , r21 = 0 . 68
e.g. Kirkpatrick et al. 2019 ). This plot confirms that cid 346 contains
n abundance of molecular gas for sustained star formation or for
eeding the central supermassive black hole. 

(iii) Follow-up ACA observations of cid 346 were obtained in 
rder to map the large scale CO emission out to the circum-Galactic
cales (CGM, > 100 kpc, see Cicone et al. 2021 ). Although the
xtension of CO gas out to CGM scales was later disputed in Jones
t al. ( 2023 ), these observations reveal that cid 346 hosts extended
olecular gas out to at least tens of kiloparsec scales. At the time of

ublishing these results, no evidence of merging companions were 
etected close to cid 346. Therefore, one of the possible explanations 
ut forward was that the outflows from the AGN might relocate the
olecular gas out to CGM scales. 

Fig. 2 presents a summary of the [O III] λ5007 and CO(3-2) images
nd spectra from SINFONI and ALMA observations, respectively. 
he observations summarized above came from ground-based obser- 
atories, which were limited in spatial resolution and depth. However, 
hey consistently pointed to the presence of extended gas in the
onized and molecular phases. The ionized gas phase is believed to
e part of the extended NLR of cid 346. However, with the launch
f JWST , it has become possible to trace rest-frame optical and near-
nfrared emissions with unprecedented spatial resolution and depth, 
urpassing even the best Adaptive Optics capabilities of ground- 
ased telescopes. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 JWST MIRI/MRS observations and data reduction 

id 346 was observed with MIRI/MRS aboard JWST as a part of
ycle-1 GO programme 2177 (PI: Mainieri). Target acquisition was 
ot required during the observations as the pointing accuracy of 
.1 arcsec is sufficient to locate the target in the MRS field-of-view.
urthermore, we employed a 4-point dither pattern, which enhanced 

he spatial sampling and spatial resolution in the final drizzled data
ube (see Law et al. 2023 ). We also took dedicated background
xposures for background subtraction, as the contribution of infrared 
ackground is substantial in Channels 3 and 4. 
The MRS observations were carried out on 2023 November 20 

n the LONG band. The LONG band simultaneously covers the 
avelength ranges 6.53–7.65, 10.02–11.70, 15.41–17.98, and 24.19–
7.90μm in Channels 1, 2, 3, and 4 respectively. At the redshift
f cid 346, these correspond to rest-frame wavelength ranges of 
.02–2.37, 3.11–3.63, 4.78–5.58, and 7.51–8.66μm in the respective 
hannels. The respective resolving power, R , in each channel is 3100–
610, 2860–3300, 1980–2790, and 1630–1330. The observations 
mployed a SLOW readout mode in 38 groups per integration, 3
ntegrations per exposure, and 12 exposures. As a result, the final
otal exposure time on-source was 11 084 s ( ∼3.07 h). 

We mostly follow the standard MRS data reduction procedure, 
s set by the pipeline (e.g. Labiano et al. 2016 ) with additional
ustomized steps and fine-tuning parameters to improve data quality. 
e reduced the data using the JWST pipeline version 1.17.1. The
MNRAS 541, 3534–3548 (2025)
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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 
per cent ( ±2 σ ) of the emission line flux. The black dashed line shows the 
expected location of each line, based on the redshift of cid 346. 
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ata reduction steps are briefly summarized here. The pipeline runs
n three stages. The first stage of the MRS pipeline performs the
etector-level corrections. We kept most of the default pipeline
arameters unchanged, except we set the find showers keyword
o TRUE . This step identifies and corrects the Cosmic Ray showers.
o improve the identification of warm pixels, which may have been
issed in the stage-1 data reduction, we derived the median of

ll slope images of each detector and applied a classical sigma
lipping algorithm. The newly identified bad and warm pixels were
asked in the bad pixel mask as DO NOT USE . The output of the
rst stage is a set of corrected count rate files, which are then
rocessed with the second stage of the pipeline. The second stage
erforms instrument calibrations such as wavelength calibration,
at-field correction, flux calibration and removes fringes. For the
econd stage, the default pipeline parameters were unchanged,
xcept the skip residual fringe parameter, which was set
o FALSE (Default is TRUE ). This parameter corrects the fringing
atterns in the individual channels. The background subtraction was
erformed using dedicated background exposures. The second stage
f the MRS pipeline outputs a set of fully calibrated individual
xposures. These fully calibrated exposures are then finally fed into
he third stage of the pipeline, where these calibrated exposures
cross different wavelength bands and channels are combined into a
nal drizzled data cube. The parameters for the third stage were
lso kept unchanged, except the skip outlier detection
as set to FALSE , with the outlier threshold kept at 99 per cent,
hich removes any significant remaining outliers in the data when

ombining different exposures. 
The final products from the three stages of the pipeline consist

f a set of four data cubes, corresponding to the four channels
f the LONG configuration. The field-of-view in channels 1, 2, 3,
nd 4 are ≈ 3 . 2 × 3 . 7, 4 . 0 × 4 . 8, 5 . 2 × 6 . 2, and 6 . 6 × 7 . 7 arcsec2 ,
espectively. The corresponding spatial resolution of the channels are
0.18, 0.28, 0.39, and 0.64 arcsec, respectively. 

.2 NIRCam and ACS imaging from COSMOS 

id 346 was also observed as a part of the COSMOS-Web survey,
 JWST Cycle-1 treasury programme (GO-1727, PI: Kartaltepe &
asey, see Casey et al. 2023 for an overview). The COSMOS-Web

urvey covered 0.54 deg 2 of the COSMOS survey (e.g. Scoville et al.
007 ) with four filters of the NIRCam instrument (F115W, F150W,
277W, F444W; Rieke et al. 2023 ). In this paper, we use the NIRCam

maging of cid 346 to compare with the H2 maps in the MRS data in
ection 4 . 
The NIRCam observations were taken in April 2023, and the

ata were processed using the JWST Calibration Pipeline version
.14.0 2 (see Bushouse et al. 2024 ) and the Calibration Reference
ata System version 1223. In addition to NIRCam imaging, we also
sed the publicly available archival HST/ACS (Advanced Camera for
urveys) F814W imaging (Koekemoer et al. 2007 ). The NIRCam and
CS images have a pixel scale of 0.03 arcsec pixel−1 . 

 ANALYSIS  A N D  RESULTS  

n this section, we present the detection of the hot molecular gas via
o-vibrational transitions in the MRS spectra. Furthermore, we will
resent evidence for the presence of companions close to cid 346,
NRAS 541, 3534–3548 (2025)

 https://github.com/spacetelescope/jwst

t  

n  

t  

a  
ith the help of ancillary NIRCam imaging data from COSMOS-
eb. Finally, we will compare the MRS and NIRCam results with

round-based SINFONI and ALMA observations of this target. 

.1 Detection of hot molecular gas 

efore the launch of JWST , sensitive mid-infrared spectrographs
ere unavailable, making MRS spectroscopy a unique opportunity to

tudy the rest-frame near-infrared spectra of galaxies, particularly at
osmic Noon. Among the various lines within near-infrared and mid-

nfrared wavelengths, the ro-vibrational and rotational transitions
f hydrogen molecules are used as tracers of molecular gas at
emperatures from a few hundred to several thousand Kelvin. In
his paper, we focus on the hot H2 phase in the rest-frame near-
nfrared wavelengths, that could be excited by fluorescence soft-UV
hotons in both star forming and AGN-ionized regions (e.g. Black &
an Dishoeck 1987 ) or via thermal processes from X-ray or shock
eating (e.g. Hollenbach & McKee 1989 ; Maloney et al. 1996 ). 
We are particularly interested in the 1–0 S(1) transition at rest-

avelength 2.12μm (we use the notation 1–0 S(1) and H2 2.12μm
nterchangeably), commonly used to trace hot molecular gas in
earby galaxies and falls in channel-1 LONG sub-band. Therefore,
e first extract the channel-1 LONG spectra from the AGN location,

dentified using the peak of the continuum emission, using a circular
perture of radius ∼0.4 arcsec. This aperture size approximately
overs the spatial extent of the central host galaxy (we detect extended
as components, which are discussed later). In order to trace possible
esidual instrument response feature in the MRS spectra, we also
elected three object-free regions, randomly selected in the data
ube, from where spectra were extracted and compared with the
arget spectrum. This procedure was also used to confirm the line
etections described here. A comparison between the target spectrum
nd spectrum from one of the object-free locations is shown in
ig. A1 . 
Following this comparison, we confirm detections of the 1–0 S(1)

nd 1–0 S(0) transitions in cid 346 at ∼ 4 σ levels each. A zoom-in of
he extracted MRS spectra around these transitions is shown in Fig. 3
n blue. We model these H2 lines using a single Gaussian function,
long with a linear continuum that models the local continuum within
he spectral window centred on the individual transitions. We do
ot impose any constraints while fitting these Gaussian profiles to
he emission lines, with the exception that the line peak intensities
re positive. The Gaussian models to the emission lines are shown

https://github.com/spacetelescope/jwst
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Table 1. Detected H2 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 H2 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 Section 4.1 . 
The errors represent 1 σ deviation from the quoted values. 

Transition Expected wavelength Actual wavelength Red/Blue-shift FWHM Flux SNR 

(μm) (μm) ( + / −)(km s−1 ) (km s−1 ) (10−18 erg s−1 cm−2 ) 
(a) (b) (c) (d) (e) (f) (g) 

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 4.4 
C1 
1–0 S(1) 2.1218 2.1209 ± 0.0003 −130 ± 40 500 ± 125 2.5 ± 0.6 2.4 
C2 
1–0 S(1) 2.1218 2.1223 ± 0.0004 67 ± 24 127 ± 61 1.6 ± 0.5 4.1 
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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 
luminosity. The error bars represent 1 σ uncertainties in the respective line 
ratios. 
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n red in Fig. 3 and the yellow regions mark the flux containing
5 per cent of the emission line flux ( ±2 σ ). To estimate the errors
n our measurements, we generated 100 mock spectra by adding 
aussian random noise to the modelled spectra, using the standard 
eviation of line-free regions of the spectra. The fitting procedure 
escribed earlier was then applied to each of these mock cubes 
ithout imposing any parameter constraints. The associated error 

s given by the standard deviation of these 100 measurements. The 
arameters corresponding to the Gaussian models, namely the line 
entroid, width (FWHM) and the fluxes are reported in Table 1 . 

At the sensitivity of the MIRI/MRS data, we do not detect 
he presence of extended wings in the spectral profiles of the H2 

ransitions. This is confirmed by the fact that it was not necessary
o add a second Gaussian component during the line fitting. The 
idth (FWHM) of the 1–0 S(1) and 1–0 S(0) are 458 ± 60 and 130
20 km s−1 , respectively. Given a resolving power of ∼100 km s−1 

t the location of these lines, the transitions are well resolved. In
revious studies, a cut of 600 km s−1 has usually been employed 
o distinguish between gas outflows in the ionized phase that are 
riven by an AGN or not (e.g. Kakkad et al. 2020 ; Wylezalek et al.
020 ; Tozzi et al. 2024 ). This value is based on the maximum
elocity dispersion one expects in a purely rotating disc in a star-
orming galaxy. The transitions reported in the MRS spectra do not 
ross this threshold. It is also possible that the observations did not
ave sufficient depth to detect the presence of faint wings beneath 
he emission line profiles. However, we note that the bulk of the
olecular gas, whether based on CO or ro-vibrational transition, 
ay be dominated by gas in the host galaxy disc (see also Barfety

t al. 2025 ). In addition, simulations by Ward et al. ( 2024 ) showed
hat in the presence of a clumpy ISM, the outflow can cover a broad
ange of velocities, with a considerable fraction of mass moving 
elow 100 km s−1 . Therefore, the cut of 600 km s−1 used in case of
he ionized gas, largely coming from the NLR, may not be applicable
ere. The H2 line widths reported in Table 1 are significantly 
arrower than that of [O III ]-based ionized gas from ground-based 
FS 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.
he S(1):S(0) flux ratio can be used to determine the temperature of

he hot molecular gas and a comparison between samples spanning 
 wide range of redshift and luminosity can provide clues into the
mpact of the presence of AGN on the molecular gas temperatures, 
iscussed later in this section. We compare the 1–0 S(1) to 1–0
(0) flux ratio in cid 346 with measurements in low-redshift AGN 

ost galaxies from Riffel, Rodrı́guez-Ardila & Pastoriza ( 2006 ) and 
amperti et al. ( 2017 ) in Fig. 4 . Riffel et al. ( 2006 ) consists of a
ompilation of near-infrared spectra of 47 z < 0 . 5 AGN and Lam-
erti et al. ( 2017 ) consists of a compilation of 102 z < 0 . 075 X-ray
elected AGN from BAT (Burst Alert Telescope) AGN Spectroscopic 
urvey (e.g. Koss et al. 2017 ). Fig. 4 shows only those low-redshift

argets from these studies which have detections and/or upper limits 
n both 1–0 S(1) and 1–0 S(0) transitions. Both studies consist of
easurements from type-1 and type-2 AGN. Our measured flux ratio 

or cid 346 is within the range of typical flux ratios of the two lines
bserved in the comparison low-redshift AGN host galaxies. The line 
atio also appears to be at the lower end of the range seen in low-
edshift galaxies. However, this is based on a single galaxy at the
igh luminosity end and that we need more number statistics at these
igher luminosities, especially for Lbol > 1045 erg s−1 , to confirm the 
rend. Further details on the possible origin of the H2 emission in
id 346 are discussed in Section 5 . 

We can use the 1–0 S(1) and 1–0 S(0) transitions to constrain the
ot gas temperature using the following equation (e.g. see Wilman, 
dge & Johnstone 2005 ): 

og 

(
Fi λi 

Ai gi 

)
= constant − Ti 

Texc 
(1) 
MNRAS 541, 3534–3548 (2025)
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Figure 5. 1-0 S(1) channel map obtained by collapsing the channels centred 
on 2.12μm emission. The red contours show emission above 3 σ . The H2 

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. 

Figure 6. 1-0 S(1) detections in extended regions: the left panel shows 
spectrum from C1 and the right panel shows spectrum from C2 (see Fig. 5 ). 
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In eq. ( 1 ), Fi represents the flux of the ith H2 transition, λi is
he associated wavelength, Ai denotes the spontaneous emission
oefficient, gi is the statistical weight of the upper level of the
ransition, Ti refers to the energy of the level expressed as a
emperature, and Texc is the kinetic temperature assuming the H2 

s in equilibrium. Using the equation above for the 1–0 S(1) and 1–0
(0) transitions, we derive a hot gas temperature of 1100+ 465 

−245 K for
he central source cid 346. 

We can also estimate the mass of the hot molecular gas using
–0 S(1) transition at 2.12μm, adopting the standard prescriptions
sed for low-redshift galaxies in the literature (Storchi-Bergmann
t al. 2009 ; Riffel et al. 2023 ). The choice of 1–0 S(1) transition is
otivated by the fact that it is one of the strongest ro-vibrational

ransitions. As a result, there are several low-redshift observations
f this line for which the calculation is well-established and would
ake it ideal for comparing our mass measurements. Specifically,
e use the following equation to determine the mass of the hot H2 

as: 

H2 =
2 mp F2 . 12 4 πD2 

L 

fν= 1 , J = 3 AS(1) hν
(2) 

here mp is the proton mass, F2 . 12 is the flux of the 1–0 S(1) line, DL 

s the luminosity distance, f is the population fraction and AS(1) 

s the transition probability. The population fraction is obtained
irectly from quantum mechanical principles and we obtain transition
robabilities from Turner, Kirby-Docken & Dalgarno ( 1977 ) (see
lso Wolniewicz, Simbotin & Dalgarno 1998 and Roueff et al. 2019 ).
or the vibrational temperature of T ∼ 1100+ 465 

−245 K, fν= 1 , J = 3 takes
alues between 1 − 7 . 5 × 10−3 . Using the flux of the 1–0 S(1) line
eported in Table 1 into eq. ( 2 ), we obtain a hot H2 gas mass of
 . 0+ 7 . 0 

−3 . 5 × 105 M� in cid 346. 
We can now compare the mass of the molecular gas in cold phase

 < 100 K) to the hot phase ( ∼1000—3000 K). The total amount of
O-based cold gas in the cid 346 system is 1 . 2 × 1011 M� (see
ircosta et al. 2021 ). The ratio between the CO-based cold molecular
as mass and the H2 2.12μm-based hot molecular gas mass is

105 − 106 , i.e. the CO-based cold gas mass is nearly six orders of
agnitude larger than the H2 2.12μm-based hot gas mass, similar

o the values seen in some of the low-redshift galaxies (e.g. Pereira-
antaella et al. 2016 ; Emonts et al. 2017 ). We further discuss the
omparison of cold-to-hot gas mass ratios with low redshift galaxies
n Section 5 . 

.2 Extended hot molecular gas 

n this section, we present channel maps of the brighter 1–0 S(1) line
nd search for the presence of extended hot molecular gas emission.
ig. 5 shows the hot molecular gas map, obtained by collapsing

he channels containing 1–0 S(1) emission. The hot molecular gas
ppears extended beyond the MRS PSF and the observed spatial
xtent is observed in approximately the same direction as the [O III ]-
ased ionised gas reported in Kakkad et al. ( 2020 ). In particular, we
dentified two locations, which we name C1 and C2 approximately
.0 ( ∼8.2 kpc) and 2.0 ( ∼16.4 kpc) arcsec from the AGN location,
espectively, (also marked in Fig. 5 ), where the hot molecular gas
mission is prominent. Within the current scope of this paper, we
o not attempt to decompose emission contributions from the QSO
nd host galaxy separately (e.g. Chen et al. 2024 ) and will be
mplemented in future studies utilising this MIRI-MRS data. This
ould also facilitate a direct comparison with existing ground-based

ncillary near-infrared IFS and sub-mm data. 
NRAS 541, 3534–3548 (2025)
We extract MRS spectra from C1 and C2 using circular apertures
entred on the respective locations, with a radius of 0.25 arcsec,
pproximately corresponding to the PSF of the MRS at these
avelengths. 3 The size of the apertures were manually chosen to

oughly correspond to the extent of the emission in each spatial
omponent. We detect 1–0 S(1) emission in C1 and C2 at 2.4 σ and

4 σ , respectively (see Figs 5 and 6 and Table 1 ). The 1–0 S(0)
omponent remained undetected in the extended regions. 

Having detected the extended hot molecular gas in the MIRI/MRS
ata in the same direction as the extended ionized gas in
LT/SINFONI data, we re-analysed the archival ALMA CO(3–2)
ata of cid 346 (Project code: 2016.1.00798.S) to search for extended
old molecular gas component in the SE direction of the AGN.
he details of the ALMA programme from which we obtained the
ata are available in Circosta et al. ( 2021 ). The left panel in Fig. 7
hows the detection of diffuse and extended CO(3–2) emission,
ocated > 2.0 arcsec from cid 346 at ∼ 3 σ significance level. We

https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-operations/miri-dithering/miri-mrs-psf-and-dithering
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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 3 σ , 4 σ , and 5 σ . 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. 
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Figure 8. The left panel shows the combined multicolour 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. 
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xtracted a spectrum from a circular aperture covering the extended 
O emission, shown as a yellow circle in Fig. 7 . The extracted CO

pectrum is shown in the right panel of Fig. 7 . The peak location
f the extended CO component is red-shifted by ∼120 km s−1 . The
idth of the extended CO component is 120 km s−1 , compared to a
idth of 201 km s−1 observed in cid 346. 
Following the procedure described in Section 4.1 , we calcu- 

ate the gas mass in the extended regions, C1 and C2, to be
 . 5+ 2 . 3 

−1 . 1 × 105 M� and 1.6+ 2 . 3 
−1 . 1 ×105 M�, respectively. Along with the 

entral host, cid 346, the total hot molecular gas in cid 346 system
s ∼ 8 . 4 × 105 M�. Most of the hot molecular gas ( ∼60 per cent)
s concentrated in the central AGN itself, while the rest of the hot
as is in the extended regions. Similarly, the total amount of CO-
ased cold gas in the cid 346 system is 1 . 5 × 1011 M�, out of which
80 per cent is from cid 346 (1.2 ×1011 M�, see Circosta et al. 2021 ),
hile the rest 20 per cent is from the extended component. Even

fter accounting for these extended components, cold molecular gas 
ominates the mass budget. 

.3 Companions around cid 346 with NIRCam imaging 

s described in Section 3.2 , cid 346 was also covered as a part of
he COSMOS-Web imaging campaign. Given the extended ionised, 
ot and cold molecular gas, we explored the imaging data to search
or the presence of possible companions around cid 346. 

JWST /NIRCam images are contaminated by PSF-diffracted 
pikes. Therefore, we cannot visually identify the presence of 
xtended component in the host galaxy or possible presence of 
ompanions in each of the filters (F150W, F277W, and F444W) of
IRcam raw images (see left panel in Fig. 8 ). Therefore, we perform
SF-subtraction based on the methods outlined in Tanaka et al. 
 2024 ) and briefly mentioned here. NIRCam PSFs were constructed 
sing PSFEx (see Bertin 2011 ) that empirically models PSF based 
n stars detected from applying SEXTRACTOR software package (see 
ertin & Arnouts 1996 ). We fit the images from each NIRCam band
ith a composite model consisting of a single PSF component and 

dditional Sérsic components. The number of additional components 
equired was decided based on the lowest Bayesian Information 
riterion (see Schwarz 1978 ). 
We required a total of three Sérsic components to fit the cid 346

ystem. The first Sérsic component was required for the host galaxy 
f the AGN itself. In addition, we fit two other Sérsic components,
hich we refer as Sa and Sb, corresponding to two companions 
hich are detected towards the SE of the AGN location. We estimate
he error of the fitted parameters using χ2 

ν -based weighting of each
ingle PSF, following the approach of Ding et al. ( 2020 ). Table 2
eports the values of the parameters n , re , flux, and S/N of each of
he components estimated from the above four-component fitting. 

The left panel of Fig. 8 shows the raw NIRCam multicolour
mage combining the filters F150W, F277W, and F444W and the 
ight panel shows the PSF-subtracted multicolour image where 
he two components are detected. Based on the F277W results, 
he centre positions of Sa and Sb are (RA (J2000) = 09:59:43.4,
EC (J2000) = + 02:07:06.5) and (RA (J2000) = 09:59:43.4, 
EC (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

alaxy. The raw images of the individual NIRCam images and the
SF subtracted images are moved to the appendix (see Fig. A2 ). 
The indications of companions (or satellite galaxies), along with 

xtended multiphase gas in cid 346 suggests that this galaxy may be
n a minor merger. Although we will later show that the components,
1 and C2, in H2 emission discussed in Section 4.2 do not directly
lign with the Sa and Sb detected in NIRCam images (right panel
n Fig. 10 ), the presence of companions may explain the extended
as reservoir seen in cid 346 (see also Cicone et al. 2021 ). We
lso estimate the properties of each companion using SED fitting, 
ollowing the methods in Tanaka et al. ( 2024 ). We briefly describe
he procedure here. We fit the photometric fluxes of each component
sing CIGALE-v2022.1 SED fitting library (see Boquien et al. 
019 ; Yang et al. 2022 ). As the extended hot molecular gas is
etected in a similar direction as the Sa and Sb components, we
ssume that Sa and Sb are at the same redshift as cid 346. We
odel the stellar populations using a single stellar population model 

by Bruzual & Charlot 2003 ), assuming a Chabrier initial mass
unction (Chabrier 2003 ) with a stellar mass ( M∗) range between
.1 and 100 M�. We assume a delayed- τ model for a star-formation
istory (see eq. 7 in Tanaka et al. 2024 ). We model the nebular
mission using the nebular module and dust attenuation using the 
ustatt modified starburst module, the latter assuming 
 modified Calzetti et al. ( 2000 ) law. To limit the models within
hysical solutions, we set the upper limit of tage to 0 . 95 tH , where

H indicates the cosmic age at each redshift. Stellar metallicity, Z∗
nd the ionization parameter, U , are fixed at Solar metallicity and
og U = −2, respectively. 

Fig. 9 compares the best-fitting model SED with the photometry of
ach of the components. We estimate the spectral slope of the AGN
omponent, α ( Fλ ∝ λα), to be ∼ 1 . 5, which is typical for nearby
MNRAS 541, 3534–3548 (2025)
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M

Table 2. Morphological and photometric parameters of cid 346 system estimated from the four-component image modelling. See Section 4.3 for further details. 

Component na re /arcsec a mb 
F814W 

mb 
F115W 

mb 
F150W 

mb 
F277W 

mb 
F444W 

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 ± 0 . 6 23 . 1 ± 0 . 5 21 . 7 ± 0 . 3 21 . 13 ± 0 . 07 20 . 5 ± 0 . 1 
Sa 2 . 5 ± 0 . 6 0 . 15 ± 0 . 05 26 . 9 ± 0 . 4 26 . 3 ± 0 . 4 25 . 3 ± 0 . 2 25 . 91 ± 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 

a n and re are the values measured for the F277W image. 
b AB magnitude (Oke 1974 ). 

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. 

A  

w  

a  

o  

d  

S  

S  

s  

M  

t  

t  

e  

o  

r  

1  

p  

o  

s  

t

5

W  

C  

F  

m  

i  

C  

b  

N  

c  

s  

t  

V  

t  

H  

i  

f  

n  

a  

t  

m  

m
 

g  

N  

c  

s  

g  

B  

o  

i  

R  

o  

f  

g  

p  

fi  

C  

i  

T  

b  

d  

o  

M  

1  

b  

r  

a  

R  

P  

W  

o  

r  

H  

e  

i  

l  

e  

p
2  

H  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/541/4/3534/8196619 by guest on 02 April 2026
GNs (e.g. Vanden Berk et al. 2001 ). The consistency of the slope
ith that of nearby AGN validates the decomposition of the AGN

nd PSF components presented earlier. The components Sa and Sb,
n the other hand, exhibit different SED shapes, which may suggest
ifferent SFR and dust properties of each of these galaxies. From the
ED fitting results, Sa has a SFR = 1.6 ±0.9 M� yr−1 , while Sb has
FR = 0.5 ± 0.6 M� yr−1 , suggesting Sa may have higher recent
tar formation activity than Sb. The stellar mass of the AGN host, log

∗, from the SED fits is 10.9 ± 0.3 M�. This value is consistent with
he literature results of cid 346 in Tanaka et al. ( 2024 ) and similar
o the SED fitting presented in Circosta et al. ( 2018 ) and Bertola
t al. ( 2024 ). The stellar mass of the two companions, Sa and Sb,
n the other hand, are log M∗ = 8.9 ± 0.3 M� and 8.9 ± 0.2 M�,
espectively. Although this suggests that the companion galaxies are
00 times less massive than the AGN host itself, the SED fitting
resented have large uncertainties and the analysis presented here
nly indicates the possible presence of a minor merger in cid 346
ystem. We further discuss the role of possible mergers in driving
he AGN activity in Section 5 . 

 DISCUSSION  

e presented new JWST rest-frame near-infrared spectra and NIR-
am imaging of cid 346, a luminous AGN at cosmic noon epoch.
ig. 10 shows a summary of the extended emission from the
ultiwavelength spatially resolved data presented in this paper and

n the literature: [O III ]-based ionized gas maps from VLT/SINFONI,
O(3–2)-based cold molecular gas maps from ALMA, H2 2.12μm-
ased hot molecular gas from MIRI/MRS and PSF-subtracted
IRCam F277W image. All the gas components i.e. ionized gas,

old and hot molecular gas are extended approximately in the
NRAS 541, 3534–3548 (2025)
ame spatial direction (SE of the AGN). There are differences in
he exact locations and extension of the different gas components.
LT/SINFONI observations only probed the inner 1.5 arcsec of

he host galaxy (or 0.75 arcsec ≡ 6 kpc from the AGN location).
owever, based on the cold and hot molecular gas observations,

t is possible that the ionised gas might be extended beyond 6 kpc
rom the AGN. The peak of the extended CO(3–2) emission is seen
early at the edge of the hot molecular gas clump C2. This suggests
 multiphase ionization or gas excitation by the AGN, starting with
he warm ionised gas phase ( ∼10 000–20 000 K), followed by hot
olecular ( ∼1000 K) and cold molecular ( < 100 K) gas, as one
oves away from the AGN location. 
Over the last few years, several observations of the cold molecular

as in mass-matched AGN and non-AGN host galaxies at Cosmic
oon have revealed a systematic difference between the CO-based

old molecular gas content in the two classes of galaxies. In these
tudies, the AGN host galaxies seem to have lower CO-based cold
as mass compared to non-AGN hosts (see Kakkad et al. 2017 ;
rusa et al. 2018 ; Circosta et al. 2021 ; Bertola et al. 2024 ). A few
bservations at low-redshift have revealed that molecular gas exists
n warm or hot gas phases, where the CO emission is absent (e.g.
osario et al. 2019 ; Davies et al. 2024 ). Our JWST /MRS and ALMA
bservations of cid 346 were mainly motivated to evaluate what
raction of molecular gas may exists in the warm or hot molecular
as phases at cosmic noon, compared to the cold molecular gas
hase. The observations presented in this paper may be one of the
rst detections of H2 2 . 12μm-based hot molecular gas in a galaxy at
osmic Noon. Here we present some possibilities on the mechanisms

n cid 346 that could excite the detected ro-vibrational transitions.
he H2 ro-vibrational transitions in the near-infrared spectra could
e excited by non-thermal processes such as fluorescent excitation
ue to absorption of UV photons (e.g. Black & van Dishoeck 1987 )
r by thermal processes such as excitation by X-ray heating (e.g.
aloney et al. 1996 ) or by shocks (e.g. Hollenbach & McKee

989 ). Several line ratios and correlations can be used to distinguish
etween the different excitation mechanisms. For example, the line
atio: H2 λ2 . 2477 / 2 . 1218 can distinguish between thermal ( ∼0.1)
nd fluorescent ( ∼0.5) excitation mechanisms (e.g. Mouri 1994 ;
eunanen, Kotilainen & Prieto 2002 ; Rodrı́guez-Ardila, Riffel &
astoriza 2005 ; Riffel et al. 2008 ; Storchi-Bergmann et al. 2009 ).
e do not detect H2 2.2477μm emission in the MIRI-MRS data

f cid 346. However, we calculate an upper limit on the flux
atio H2 λ2 . 2477 / 2 . 1218 of 0.3, which suggests that the observed

2 2 . 12 μm is likely excited by thermal processes. We can also
stimate the 2.12μm flux that can be generated by a given X-ray
ncident radiation, following Maloney et al. ( 1996 ) models. We fol-
ow the methodology adopted in Riffel et al. ( 2008 ) (see also Zuther
t al. 2007 ; Storchi-Bergmann et al. 2009 ), calculating the ionisation
arameter, ξeff , using incident hard X-ray flux at distances of ≈100–
00 pc from the central source. We calculate the expected emergent
2 2 . 12 μm flux in the range ∼ 10−18 − 10−17 erg s−1 cm−2 , for
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Figure 10. The background image in the left panel shows the ground-based [O III ]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 H2 1–0 S(1) emission at 2.12μm and the white contours in the right panel show the NIRCam PSF-subtracted contours. 

Figure 11. Background image shows the 2.12μm flux map with 6.2 GHz 
radio contours from VLA A-array (Ilha et al.). 
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 ∼0.4 arcsec aperture, the same as the one used to extract the
RS spectrum from the central source in cid 346. Comparing this 

mergent flux with the observed flux reported in Table 1 , it is likely
hat the X-ray heating from the AGN can account for most of the
bserved H2 2.12μm flux. 
Fig. 11 shows the 2.12μm emission with 6.2 GHz radio contours 

btained from Very Large Array (VLA) A-array observations over- 
aid. We matched the peak of the radio emission and the peak of H2
.12 um emission for the overlay shown in Fig. 11 . The extended
adio structure around this source bending approximately at the 
ocation of C1 suggests that the C1 component/clump may have 
een shock-excited due to the radio jet. Even in the central source,
he radio jets may contribute to the H2 emission. Details of the VLA
bservations will be presented in detail in a forthcoming paper (Ihla
t al.). Therefore, in addition to, or alternative to the X-ray radia-
ion from AGN accretion disc, radio jets might deplete CO-based 
olecular gas while enhancing the emission from hot molecular gas. 
oupled with the fact that NIRCam imaging observations suggest 
id 346 is in an interacting system, the emerging picture from these 
bservations is that the hot molecular gas forms a part of the larger
xtended gas reservoir of this merging system of galaxies, that is
hock-heated due to the presence of radio jets and is also being
onised by the central AGN. 

Using the observed flux and temperature of the H2 2 . 12 μm line,
e find the total mass of the hot molecular gas phase, calculated using 

he 2.12μm emission extracted from cid 346, C1 and C2 (Fig. 5 ),
f 8 × 105 M�. The ratio of hot-to-cold molecular gas in cid 346
s 10−6 − 10−5 . Using a combination of VLT/SINFONI H2 2.12μm 

nd ALMA CO-based observations, Emonts et al. ( 2017 ) and Pereira-
antaella et al. ( 2016 ) reported a hot-to-cold molecular gas mass ratio
f ∼ 6 − 7 × 10−5 in low-redshift ( z ∼ 0 . 01) Luminous Infrared
alaxies (LIRGs) hosting either an AGN or starburst. Although the 

tatistics are low, comparing our results from cid 346, with that of
he local LIRGs, there does not appear to be a significant evolution
n the hot-to-cold molecular gas masses with redshift, at least until
osmic Noon. On the other hand, Dale et al. ( 2005 ) reported lower
ot-to-cold gas mass ratios of ∼ 10−7 − 10−5 in a heterogenous 
ample of nearby galaxies, but predominantly normal star-forming 
alaxies. The lower hot-to-cold gas mass ratios in non-AGN galaxies 
ay suggest that instead of a redshift evolution in the ratio, it may

e the AGN luminosity that drives the hot molecular gas masses
o higher values. However, more statistics are required at Cosmic 
oon that includes both star-forming and AGN host galaxies to 

solate the redshift evolution and AGN impact on molecular gas. 
ocusing only on the hot-to-cold gas ratio of cid 346, our results
rom JWST/MRS spectroscopy, therefore, suggest that at cosmic 
oon, the bulk of the molecular gas still exists in the cold gas phase.
hen comparing the mass of total molecular gas in AGN versus

on-AGN host galaxies after taking into account the hot molecular 
as mass, we would still end up with a systematic difference in the
olecular gas content between the two classes of galaxies. On the

ther hand, as mentioned earlier in this section, the findings in this
aper reveals that the impact of the AGN on molecular gas may be
bserved on localised spatial scales. Future JWST /MRS observations 
f both AGN and star-forming galaxies at cosmic noon are required
o expand our measurements of the relative amount of hot and cold
olecular gas phases and the detectability of the warm gas phase

n a general population of galaxies at that epoch. An MRS + ALMA
tudy of a statistical sample of galaxies will also reveal if there are
ystematic differences in the hot molecular gas properties between 
ass-matched AGN and star-forming galaxies, as is revealed with 
LMA for the cold gas phase (e.g. Kakkad et al. 2017 ; Circosta et al.
021 ; Bertola et al. 2024 ). 
PSF-subtracted NIRCam images of cid 346 from COSMOS-Web 

urvey reveals the presence of at least two companions roughly 
owards the south east of the AGN location. This may explain
he presence of extended multiphase gas reservoir in this system, 
lthough the exact locations of the continua may not correspond to the
ocations of the spatial peaks or clumps of the extended gas, as shown
n the right panel of Fig. 10 . The indications of satellite galaxies
MNRAS 541, 3534–3548 (2025)
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ay suggest a merger-driven growth of both the supermassive black
ole as well as star formation in the host galaxy of cid 346. At
he same time, the accretion appears to drive multiphase outflows,
learly seen in the [O III ]-based ionised gas and tentative indications
n the hot molecular gas. However, we make a few observations
bout the outflows in different gas phases: First: In ground-based
FS data, it is possible that red-shifted and blue-shifted components
f the emission lines (from the inflow or outflow or simply due to
urbulence in the merger) got blended with each other, which may
rtificially broadened emission lines. Second: The absence of wings
n molecular gas tracers compared to ionised gas could be due to the
act that molecular gas might be dominated by emission from the
isc of the host galaxy, while the [O III ]emission may be dominated
y emission from the NLR. At low-redshift, for example in the
nteracting system Arp 220 (see Perna et al. 2024 ), wings representing
utflowing gas has been observed in Pa- α or iron lines (Fe II ), but
uch broad line profiles are not detected in the H2 transitions, similar
he observations here (see also Speranza et al. 2022 ). On the other
and, limited SNR or the limited spectral resolution in the H2 spectra
ay also limit the detection rates of outflow wings underneath the

ines. Therefore, future deeper MRS observations of this source are
equired to reveal potential wings in the individual emission line
rofiles and diffuse hot molecular gas emission around the cid 346
ystem. 

 C O N C L U S I O N S  A N D  FINA L  R E M A R K S  

e analysed MIRI/MRS spectra and NIRCam images of an AGN
ost galaxy at Cosmic noon, cid 346. Previous ground-based spa-
ially resolved observational campaigns of cid 346 already showed
he presence of extended outflowing ionised gas with a large reservoir
f cold molecular gas. The primary aim of the MRS spectroscopy
as to search for the hot molecular gas phase using the ro-vibrational

ransitions in the rest-frame near-infrared spectra such as the 1–0
(1) transition at 2.12μm. The following summarizes the findings
resented in this paper: 

(i) We detect ro-vibrational transition of the H2 molecule, par-
icularly the 1–0 S(1) and 1–0 S(0) lines. The molecular lines
re likely excited by X-ray heating from the AGN. We find an
xcitation temperature of 1100+ 465 

−245 K and a total hot molecular gas
f ∼ 8 . 0 × 105 M�. The hot molecular gas mass is nearly five to
ix orders of magnitude less than ALMA CO-based cold gas mass,
imilar to hot-to-cold molecular gas mass ratios observed at low-
edshift. This suggests that cold molecular gas dominates the bulk
f the molecular gas budget in this galaxy and that the hot-to-cold
olecular gas ratio does not appear to change with redshift. 
(ii) We find extended hot molecular gas towards the SE of the

GN location up to a distance of 2.0 arcsec ( ∼16 kpc). The extended
mission is roughly in the same direction as the extended ionized gas
bserved in ground-based IFS observations. A re-analysis of ALMA
ata also revealed extended CO(3–2) emission at ∼ 3 σ level. Nearly
0 per cent of hot molecular gas is in the central AGN host, cid 346
nd the rest in extended regions. In the case of cold molecular gas,
0 per cent is in the central AGN host and 20 per cent in the extended
egions. Comparing the H2 2.12μm emission with VLA A-array
.2 GHz radio emission suggests that the extended ro-vibrational
ransitions may be excited by the radio jets. 

(iii) NIRCam imaging reveals the presence of two satellite galax-
es near cid 346. Photometric and SED fitting analysis suggests that
he stellar mass of these satellites is ∼100 times lower than that of the
entral AGN host galaxy, cid 346. Collectively, the cid 346 system is
NRAS 541, 3534–3548 (2025)
bundant with multi-phase gas, extended to tens of kiloparsec scales
rom the central AGN location. 

The results presented in this paper showcases the capability of
WST mid-infrared spectrographs to detect hot molecular gas in
alaxies at Cosmic noon. Future surveys targeting a statistical sample
f both AGN and star-forming galaxies will be essential to derive
 multiphase molecular gas picture at an epoch where feedback
rom AGN and/or star formation is expected to play a pivotal role.
dditionally, deep resolved observations with both JWST and ALMA

re required to understand the origins of the extended multiphase
olecular gas. Furthermore, comparison with zoom-in simulations

n the impact of radiation on molecular gas composition will be
rucial to infer the impact of AGN on preventative mode feedback
y heating molecular gas to higher temperatures. 
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ata were obtained from the Mikulski Archive for Space Telescopes 
t the Space Telescope Science Institute, which is operated by the 
ssociation of Universities for Research in Astronomy, Inc., under 
ASA contract NAS 5-03127 for JWST. These observations are 
ssociated with program 2177. 
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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 Section 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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