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Abstract

This paper investigates the physical and kinematic properties of dust-rich regions in a small sample of group-
centered elliptical galaxies, emphasizing their connection with the hot X-ray emitting gas and detailed dust grain
characteristics. Comprehensive multiwavelength data—including Ha and CO emission detected by Multi Unit
Spectroscopic Explorer and Atacama Large Millimeter/submillimeter Array—demonstrate the presence of dust
clouds embedded within complex, hot X-ray atmospheres shaped by active galactic nucleus (AGN) feedback. X-ray
images show bubbles and cavities surrounded by bright rims. We find that dust regions containing molecular gas
traced by CO are preferentially located at the rims of these X-ray cavities, suggesting that AGN-driven outflows
enhance the condensation of cold, dusty gas at these compressive interfaces. Kinematic measurements indicate that
molecular and ionized gas phases are dynamically and spatially linked, supporting the framework of a multiphase
medium arising from the top-down condensation rain in the hot plasma and related chaotic cold accretion. Crucially,
spatial variations in the total-to-selective extinction ratio Ry show that regions where dust, CO, and Ha emission
coincide exhibit notably smaller Ry values, implying steeper extinction curves and the predominance of smaller or
less evolved dust grains within these mixed-phase environments. This contrasts with larger Ry values found
elsewhere in the dust clouds, suggesting grain growth or survival mechanisms within shielded cold gas.

Unified Astronomy Thesaurus concepts: Giant elliptical galaxies (651); Emission nebulae (461); AGN host
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galaxies (2017); Interstellar dust (836); Interstellar medium (847)

1. Introduction

In recent years, multiwavelength observations of massive
elliptical galaxies have revealed the presence of a complex and
multiphase interstellar medium (ISM) to an unprecedented level
of detail (e.g., P. Temi et al. 2007a, 2007b; V. Olivares et al.
2019, 2025; N. Werner et al. 2019; P. Temi et al. 2022;
R. Eskenasy et al. 2024). Given their old stellar populations
(S. C. Trager et al. 2000; F. Annibali et al. 2006; S. I. F. Diniz
et al. 2017), smooth stellar light and interstellar gas distributions
(e.g., E. Daddi et al. 2005; A. van der Wel et al. 2005;
B. L. Ziegler et al. 2005; E. O’Sullivan et al. 2017; P. Lagos
et al. 2022; S. I. Loubser et al. 2022; V. Olivares et al. 2022),
and negligible star formation rates (<1 M. yr '; N. Werner
et al. 2014), massive elliptical galaxies, and in particular in local
brightest group galaxies (BGGs), serve as an ideal testbed for
detailed investigations of dust—gas—radiation interactions in
absence of confounding factors. The energetic central environ-
ment of BGGs, dominated by hot X-ray gas, active galactic
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nucleus (AGN) feedback, and turbulence, makes conditions
inhospitable for the formation and sustainability of cold
molecular clouds. Curiously, observations show molecular
clouds and dust persist within a few central kiloparsecs,
indicating localized survival in otherwise hostile conditions.

Molecular gas in the centers of BGGs has been both inferred
and directly observed through [CII] and CO observations,
respectively. M. K. Crawford et al. (1985) and N. Werner et al.
(2014) argue that [CII] emission in massive ellipticals is an
excellent tracer of cold molecular gas and that [CII]
luminosities indicate the presence of large reservoirs of cold
gas. Extended [C II] emission at 158 um has been observed in
several local BGGs using the Herschel PACS spectrometer and
the FIFI-LS Integral Field Unit (IFU) on board SOFIA
(N. Werner et al. 2014; P. Temi et al. 2022). The [CII]
emission, which traces cold gas in neutral, molecular, or
ionized form, is spatially coincident with optical Ha + [N II]
emission, suggesting a common origin.

Recent Atacama Large Millimeter/submillimeter Array
(ALMA) observations of a few BGGs have detected a number
of CO-emitting clouds distributed within a few kiloparsecs
from the center of the X-ray emitting atmosphere. The ALMA
CO features consist of numerous self-gravitationally unbound
clouds apparently orbiting within a few kiloparsecs from the
Galaxy center. These molecular clouds, totaling ~6.1 x 107,
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~2 % 10°, and ~2.6 x 10°M_, were detected with ALMA in
NGC 5044, NGC 5846, and NGC 4636 (L. P. David et al.
2014; P. Temi et al. 2018). These galaxies have a vigorously
active supermassive black hole (SMBH) that feeds accretion
energy back into the hot atmosphere—an extreme environment
not normally thought to create or harbor molecular clouds.
Evidently, these clouds were either ejected by the AGN jets
from regions near the central SMBH or, more likely, cooled
directly from the diffuse hot atmosphere.

In the theoretical framework of chaotic cold accretion
(CCA; M. Gaspari et al. 2013, 2020), turbulence and bulk
motion in the hot halo trigger thermal instability, leading gas to
condense into multiphase filaments and clumps, which
intermittently feed the central BH. This mechanism can
naturally account for patchy multiphase morphologies, chaotic
dynamics, and thermokinematic correlations. Moreover, dust
grain processing in the mixing layers between hot and cold
phases may produce local variations in extinction curves,
which is part of the focus of this study.

Ha emission demonstrates that the central regions are
indeed energetic. In addition to their hot (7'~ 10'K) X-ray
group-scale atmospheres (W. G. Mathews & F. Brighenti
2003b; M. Sun 2012; M. E. Anderson et al. 2015;
A. D. Goulding et al. 2016; E. O’Sullivan et al. 2017), about
50% of the X-ray and optical bright massive ellipticals contain
extended warm (T ~ 104K) gas within 3-10 kpc from the
center visible in Ha line emission (e.g., N. Caon et al. 2000;
M. McDonald et al. 2011; M. Sarzi et al. 2013; N. Werner
et al. 2014; K. Lakhchaura et al. 2018; E. O’Sullivan et al.
2018; V. Olivares et al. 2019). Further evidence of energetic
instability is indicated by erratic surface brightness distribu-
tions and velocities of Ha gas, neither of which match those of
the underlying stellar system (e.g., V. Olivares et al. 2022).

Finally, optical evidence of these centrally located clouds is
given by high-resolution imaging from the Hubble Space
Telescope (HST), which frequently reveals dust-rich clouds or
disks within the central few hundred parsecs of elliptical
galaxies (P. G. van Dokkum & M. Franx 1995; T. R. Lauer
et al. 2005). These structures often exhibit morphological signs
of transient disturbances, which are likely associated with
AGN outbursts (P. Temi et al. 2007a, 2007b). Typical
optically estimated dust masses in these central clouds are of
the order of ~10°M_. W. G. Mathews & F. Brighenti (2003b)
showed that dusty gas ejected from red giant stars within about
1 kpc of the galaxy centers can settle into the core while
retaining a significant fraction of its original dust. Thus,
investigating the extinction properties and grain size distribu-
tions of dust clouds in the nuclear regions of BGGs offers
valuable insights into their formation mechanisms, including
condensation in stellar outflows, grain growth within mole-
cular clouds, and destruction by shocks.

The objective of this paper is to investigate how the spatial
distribution of molecular gas and dust, and their properties,
correlate with the emission and kinematics of energetic gas
phases (X-ray and Ha) that are likely regulated by AGN
feedback, in order to constrain the origin of dusty molecular
clouds in a small sample of otherwise normal, massive, group-
central elliptical galaxies. Understanding the origin of
molecular gas in BGGs is relevant because it reveals how
massive, seemingly quenched ellipticals still acquire the cold,
dusty fuel needed to power their central AGN and any residual
star formation. In particular, distinguishing whether this gas
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arises from cooling of the hot X-ray halo, gas-rich mergers, or
stellar mass loss allows us to connect the morphology and
kinematics of molecular and dusty clouds with those of the
X-ray and Ha-emitting phases governed by AGN feedback.
This directly tests the self-regulated AGN feeding/feedback
cycle, in which hot gas cools into molecular clouds, fuels the
black hole, and is then heated, displaced, or destroyed by jets
and outflows, thereby maintaining quenching in massive
group-centered ellipticals.

We present the sample in Section 2 and the observations in
Section 3. The results are provided in Section 4, while the
correlations and properties of the molecular clouds relative to
dust features and warm gas emission are discussed in Section 5.
Finally, our conclusions are summarized in Section 6.

2. The Galaxy Sample

In this study, we focus our analysis on a small set of group-
centered elliptical galaxies. The sample contains five of the
brightest galaxies in X-ray bright groups, where both
observations and theory indicate significant hot gas cooling.
These galaxies have the most complete observational cover-
age, with deep Chandra X-ray data, Multi Unit Spectroscopic
Explorer (MUSE) Ha observations, Spitzer IR data, and
detailed HST maps. Four galaxies (NGC 4636, NGC 5044,
NGC 5813, and NGC 5846) have been observed with ALMA
in the CO (2-1) emission line. The data from these
observations have been reduced and analyzed, and the results
have been presented in recent publications (L. P. David et al.
2014; P. Temi et al. 2018). A summary of the galaxy sample
properties is shown in Table 1.

3. Observations
3.1. HST Data

All the galaxies in the sample have been observed by HST
in recent years, utilizing various cameras and observing
modes. From the available data in the HST archive, we
selected a set of observations that are as uniform as possible in
terms of science instruments and observing configurations.
This selection ensures a more robust and consistent analysis of
results across the target galaxies. The data were retrieved from
the Hubble Legacy Archive and consist of two filters for each
galaxy, except for NGC 5044, corresponding approximately to
the V and I bands (see Table 2 for details).

3.2. MUSE Data

MUSE optical IFU observations were collected from the
ESO Science Archive, which offers reduced, pipeline-
processed science data products. The MUSE observations of
NGC 4636, NGC 5044, and NGC 5846 were obtained in the
Wide Field Mode with a mean resolution of R = 3000,
covering a wavelength range between 4750 and 9350 A, and
a sampling of 0.2 pixel '. Observations of NGC 5813 were
not available in the public archive, as they were obtained
during the instrument’s commissioning phase. The observa-
tions and data reduction are described in D. Krajnovié et al.
(2015), and the reduced data cube was kindly provided by the
first author. NGC 4472 has not been observed with MUSE, but
shows no significant integrated Ha emission in narrowband
imaging surveys (G. Gavazzi et al. 2018). As reported in
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Table 1
Summary of the Galaxy Sample Properties

Galaxy ez Type® D*? Scale Fuo® log(Myp)* M(H,)! log(Maus)® Ly

(km s™") (Mpc) (arcsec kpcfl) ao" erg em 2s7h M) 10* M) M) 1o0* erg sh
NGC 4472 981 —4.8 16.1 12.8 <1.78 <8.0 <0.3 4.01 £ 0.12 18.36 £ 0.08
NGC 4636 938 —4.8 15.9 12.9 1.5+02 8.84 0.010 + 0.003 4.3 £ 0.07 19.68 £ 0.09
NGC 5044 2782 —4.8 35.7 5.8 1.4 £03 0.5 5.53 £0.10 204.11 £ 0.47
NGC 5813 1956 —4.9 29.2 7.0 0.52 £ 0.09 <7.94 <0.11 4.01 £0.18 43.88 £ 0.10
NGC 5846 1712 —4.8 27.1 7.6 2.6 £0.2 8.48 0.14 £+ 0.06 4.83 +£ 0.09 15.72 £ 0.11

Notes. Column descriptions: (1) Galaxy: galaxy name. (2) cz: recession velocity in kilometers per second. (3) Type: galaxy morphological type with T-type. (4) D:
distance in Mpc. (5) Scale: angular scale in arcseconds per kiloparsec. (6) Fy,,: Ha flux in 1071 erg em~2 57! within a 20” aperture. (7) log(Mpr): neutral hydrogen
mass. (8) M(H,): molecular gas mass in units of 108 M, o- (9) log(Mgust): dust mass. (10) Ly: X-ray luminosity within 5r, (the effective radius) in the 0.5-2 keV band.
 Taken from the NASA /IPAC Extragalactic Database.

® Taken from LEDA.

¢ Observed with MUSE.

4 Taken from E. O’Sullivan et al. (2018);

¢ Taken from A. Amblard et al. (2014);

f Taken from L V. Babyk et al. (2018).

g Upper limit in Ha+[N II] emission based on rms = 2.1 dex (G. Gavazzi et al. 2018).

Table 2 Diffuse molecular gas has been detected in our galaxy
HST Filters Used in the Analysis sample using ALMA ACA and IRAM observations. In
- - NGC 5044, there is clear evidence of diffuse CO emission
Name Blue Filter Red Filter . ;
NGC Name. Name. \ on kiloparsec scales, with most of the cold molecular gas

concentrated within the central few kiloparsecs, and emission

igé Egigw 21;2 A}: ‘S/tb_fmd Egijw gggz g’ 5 Eang extending up to at least a 30" (~5 kpc) region
m, , Stromgren y W, , I ban
S044 c F8 14w, 8353 A 7 band (G. Schellenberger et al. 2020, 2021).
5813 F555w, 5410 A, V band F814w, 8353 A, I band
5846 F555w, 5410 A, V band F814w, 8353 A, I band 3.4. Chandra Data
All the galaxies in the sample have X-ray bright atmo-
spheres of hot gas (see last column of Table 1), and as such,
Table 1, only an upper limit on its total Ha+[N1I] flux is have been extensively targeted by X-ray telescopes. As we are
found, implying extremely weak or negligible ionized gas. interested in comparing the morphology and properties of

warm gas and dust with the morphology of the hot gas at high

(approximately arcsec) resolution, we consider the existing

3.3. ALMA Data Chandra observations of the five galaxies. Specifically, we

We include recent ALMA CO(2-1) observations for three include Chandra ACIS observations of NGC 4636 (ObsIDs

galaxies in our sample: NGC 4636 and NGC 5846 from Cycle %g %3’3 319228’1{84‘;;5{03)9 I;SIG‘?: ;%tf?’(ggfl)zgg‘gogoz?gs
3 (project code 2015.1.00860.S; PI: Temi) and NGC 5044 : : ’ . ’

from Cycle O (project code 2011.0.00735.S; PI: Lim). The 12951, 12952, 12953, 13246, 13247, 13253, 13253, 638 ks in

. . . . total) and NGC 5044 (ObsIDs 798, 9399, 17195, 17196,
array configuration, with baselines ranging from about 15-640 17653, 17654, 17666, 419 ks in total). Although available, we

m, fielivered an angular resolut%on of about 0j6 and a do not present X-ray data for NGC 4472. In the absence of
maximum recoverable scale of 5.4. All observations were complementary MUSE H, measurements and ALMA CO
carried out in ALMA Band 6, with one spectral Wmd?‘l’v observations, the X-ray information alone would add little to
centered on the CO(2-1) line at 0.5 MEIIZ (~0.6 kms ) our comparative study and could be misleading.

resolution over a 937.5 MHz (~1200 km s~ ') bandwidth. The

observing setup, data reduction, and analysis are described in 4. Results

detail by P. Temi et al. (2018). Although the observations were

obtained at different epochs, all galaxies were processed in a 4.1. Dust Absorption Maps

uniform and consistent way: the same reduction tools and To produce maps of the flux absorbed by the dust in each
parameter settings were applied, and the data were calibrated filter, we used the ELLIPSE function in the IRAF STSDAS
and imaged with the CASA software package, version 6.5.1 library'? and a similar function in the Python library
(CASA Team et al. 2022). photutils!3(L. Bradley et al. 2019). These codes calculate

ALMA CO observations of NGC5813 from Cycle 3 the underlying elliptical isophotes of the stellar emission, and
(project code 2015.1.00860.S; PI: Randall) are also present from these isophotes, they deduce a model of the stellar
in the public archive. The data taken in Band 6 were reduced emission. The accuracy of these models is limited at the center
and analyzed following the same procedures used for the other of galaxies due to the small number of pixels along the
sample galaxies. ALMA CO(2-1) mapping of NGC 5813
shows nondetections of CO(2-1), with a 3o upper lilmit on the '2 hitp:/ /www.stsci.edu/institute /software_hardware /stsdas;http: / /iraf.
integrated line flux of the order of ~0.3 Jy km s~ over line noao.edu/iraf-homepage.html
widths of 500 km s~ '3 https:/ /photutils.readthedocs.io/en /stable/
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Figure 1. HST images of the central few kiloparsecs of our sample galaxies. The optical dust maps were generated from archival HST data recorded with the Wide
Field Planetary Camera 2 using the broadband filters. Dust absorption features are evident as bright filamentary structures in the maps with increasing dust following
the blue — green — yellow — red color scheme. ALMA detection of CO clouds is indicated with white contours (black contours in the inset of NGC 4636 and
NGC 5846) defined as the area where the emission line signal to noise is greater than 4.

isophotes and at larger radii where the signal to noise is low.
Alternatively, when two HST filters are available, we
approximate the I-band filter as the model for the stellar
emission and fit a global stellar color between the /- and V-
band filters. On the one hand, this method reduces the dust
absorption estimate by assuming no dust absorption in the /
band and is sensitive to the stellar color gradient; on the other
hand, it can model any shape/geometry of stellar emission. Of
the five galaxies in the sample, the dust absorption maps for
NGC 4472 and NGC 5044 were produced using the elliptical
isophotes method.

In order to calculate the dust extinction, we used the V-band
HST map and one of the single-band models to detect regions
of large absorption. We set a threshold of 0.03 count s~ ' on the
difference between images and models that were smoothed
with a 0735 FWHM (to remove isolate noisy pixels). Finally,
we clustered the selected pixels into an area of at least 50
pixels and obtained several high-absorption clusters for each
galaxy. For each filter, we calculate the absorbed (F,,s) and
unabsorbed (Fy,aps) fluxes for each cluster and compute the
extinction A = —2.510g(Fyps/ Funabs) in the V and I bands (A,
and Ay). The uncertainties on these magnitudes are calculated
using the statistical photon noise of the dust absorption image
and an estimate of the systematic uncertainty of the single-
band model. The latter uncertainty is estimated by calculating

the root mean square of the dust absorption estimate, where its
amplitude is very low (less than 0.01 count sfl).

Figure 1 shows color-scale HST images of dust absorption
in the central few kiloparsecs of our sample of galaxies. For
the four galaxies observed with ALMA, CO clouds, indicated
with white contours, are defined as the area where the emission
line signal to noise is greater than 4. Small, chaotically
arranged dusty fragments and filamentary structures are visible
against the stellar background in all the galaxies.

4.2. Hu Maps

The MUSE spectral maps were modeled and fitted using the
latest version of the Penalized PiXel-Fitting (ppxf) code
(M. Cappellari 2017, 2023). Continuum modeling and
emission line fitting were applied to each individual pixel of
the MUSE cubes. Although the MUSE wavelength coverage
extends to 9300 A, we have truncated the spectra to 7400 A
where the spectrum is less contaminated by sky residuals,
while all the important optical emission (and absorption) lines
remain. For the stellar continuum and stellar kinematics
modeling, the “E-MILES” stellar population synthesis tem-
plates (A. Vazdekis et al. 2016) were used. Sets of multiple
Gaussian components, in combination with the stellar
templates, were used for fitting the optical emission lines
and extracting the gas kinematics components.
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Figure 2. MUSE Ha maps of NGC 4636, NGC 5044, NGC 5813, and NGC 5846.

'
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Figure 3. Chandra X-ray maps in the 0.5-7 keV band of NGC 4636, NGC 5044, NGC 5813, and NGC 5846.

Maps of Ha emission (see Figure 2) and the kinematics of
the optical line-emitting gas are available for all galaxies in our
sample except NGC 4472. In all maps, the line emission is
spatially extended, with peaks consistently coincident with the
optical galactic nucleus. Filamentary structures and bright
compact knots are clearly visible within the central few
kiloparsecs.

4.3. X-Ray Maps

We obtained the publicly available Chandra observations for
our sample from the Chandra Data Archive.'* The data were
reduced using CIAO, version 4.16 (A. Fruscione et al. 2006).
All the data were reprocessed using the standard chandra_r-
epro tool. Periods of strong background flares were filtered
using the lc_clean script, and the threshold was set to match
the blank-sky background maps. Point sources were detected
using the CIAO task wavedetect and later verified by visual
inspection of the X-ray images. In order to merge the multiple
ObsIDs of the same galaxy, the observations were first
matched to the astrometry of the longest one by comparing
the position of point sources in the images (using the
wes_match and wes_update tools). We then created merged,
exposure-corrected, background-subtracted Chandra images in
the 0.5-7 keV band with the merge_obs tool, which reprojects
and combines multiple ObsIDs. These mosaic images are
presented in Figure 3.

The detailed kinematical analysis of the cold and warm gas
phases, along with the multiwavelength correlations (dust
versus H, versus X-ray distributions and cloud properties), is
deferred to Section 5. The analysis is restricted to the galaxies

' https: / /cda.harvard.edu/chaser/.

and dust clouds appearing in Tables 3 and 4 based on data
quality and completeness criteria.

4.4. ALMA Maps

Detailed CO maps and kinematic analyses are presented in
P. Temi et al. (2018); here we provide a brief summary of their
findings. ALMA CO(2-1) observations reveal diverse mole-
cular gas morphologies and kinematics across the sample.
Emission is detected in NGC4636, NGC 5044, and
NGC 5846, while NGC 5813 shows no significant detection
within the data sensitivity. All maps have a spatial resolution
of ~0.6, probing molecular gas in the central few kiloparsecs.
NGC 5044 exhibits strong, extended CO(2—-1) emission within
the central 3-5 kpc, with a clumpy morphology embedded in a
diffuse component extending to ~5 kpc. NGC 4636 contains
more spatially confined molecular gas, appearing as discrete
clouds within the inner 1-2 kpc and showing modest velocity
gradients. NGC 5846 also hosts compact, irregular CO(2-1)
emission near the nucleus, indicative of dynamically unsettled
gas and consistent with low-level cooling from the intragroup
medium. No CO(2-1) emission is detected in NGC 5813, with
a 3¢ upper limit of ~0.3 Jy km s, suggesting any molecular
gas is faint or highly fragmented. Overall, the sample spans a
range of cold gas properties, from extended diffuse emission in
NGC 5044 to compact, disturbed structures in NGC 4636 and
NGC 5846, and a nondetection in NGC 5813, likely reflecting
different stages of AGN-regulated cooling and feedback.

5. Analysis
5.1. Dust Extinction Properties

Dust in elliptical galaxies, both diffused in the hot gas and in
cold clouds, could naturally result from a merger with a gas-
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Table 4
Physical and Kinematic Properties of Regions with Strong Dust Absorption

Table 3
Kinematic Properties of CO Clouds and Hae Emission in NGC 5044
CO (VHa) OHa (Vea) oco
Cloud ID (kms™ 1) (kms™h (kms 1 (kms™ 1
1 —176 + 41 86+ 6 —559.6 £ 11.9 67.0 + 10.7
2 —81 £ 24 77+9 —313.1 £ 9.5 36.6 £9.4
3 —116 + 47 717 —2744 £ 45 284 £ 44
6 —106 £ 16 83+ 6 —226.8 + 4.3 204 £43
7 =71 £ 12 71 £ 8 —207.0 £ 6.9 31.1 =64
8 —175 £ 46 93 + 16 —148.8 + 8.2 762 +£ 7.2
11 —105 £ 27 79+9 —95.8 + 6.0 41.0 £ 49
13 —124 £ 55 75 £ 19 —-80.9 + 6.9 43.1 + 8.1
18 32 £ 15 82+ 15 278 £ 1.7 374 £ 1.7

Note. Cloud ID number refers to the CO clouds as identified in P. Temi et al.
(2018). Only CO clouds within the detected velocity field of the Ha-emitting
gas are included.

rich galaxy. Although this explanation is certainly correct in
some cases, we believe that there is no supporting evidence for
the merger hypothesis for the galaxies investigated in this
work. For example, in NGC 4636, the mean stellar age of 10.3
Gyr (P. Sanchez-Blazquez et al. 2006) is inconsistent with
even a few percent contamination of younger stars from
another galaxy. In general, far-IR emission does not correlate
with Balmer line stellar ages (P. Temi et al. 2005). Also, the
grain sputtering time is short compared to the time >10® yr for
a typical merging gas-rich dwarf galaxy to be destroyed by
dynamical friction and tides.

The irregular clouds of dust in our target galaxies, the focus
of this paper, seem to be in a highly transient state, orbiting in
the galactic potential out to a few kiloparsecs, where the
freefall time is ~107 yr, and likely to be accreted by the SMBH
via recurrent chaotic collisions (e.g., M. Gaspari et al. 2017).

In the following, we aim to evaluate the dust extinction
properties in several localized regions. Additionally, we seek
to determine whether significant variations in dust properties
exist in specific galaxy locations.

Plots of A; versus Ay, with their total errors, for each of the
identified high dust absorption regions are shown in the right
panel of Figure 4 along with the extinction laws characterized
by the ratio of total (V band) extinction to selective extinction
Ry=Ay/E(B—V)=2.3,2.6, 3.1 and 5.0, where E(B— V) is
the color excess. The adopted extinction curve uses the G23
class from the dust extinction Python package,'® which
provides the mean dust extinction behavior as a function of Ry
at spectroscopic resolution from 912 Ato 32 um
(K. D. Gordon et al. 2023). This represents an improvement
over previous work, where all Ry relations relied on combined
spectroscopic and photometric data and/or did not span this
full wavelength range.

Throughout most of the Milky Way ISM, the extinction
curve is consistent with Ry, = 3.1, with higher values (Ry ~ 5)
for dust in outer clouds of the Galaxy (J. S. Mathis 1990;
P. Goudfrooij & G. Trinchieri 1998). Low R, values are
generally regarded as an indication of a relatively low value of
large grains to small grains ratio, although grain composition
can also affect Ry, values.

The left panel of Figure 4 shows the location of the dust
high-absorption regions in which the extinction has been
calculated. Data for only four galaxies are available since HST

15 hitps://github.com /Karllark /dust_extinction

NGC 4636

Dust Size My Ha flux
Cloud ID (kpc?) (M) 10 ergs ' em™2
1 0.002 17.51 8.08 £+ 0.04
2 0.013 266.96 23.70 + 0.03
(Via) OHa (Vco) oco
(kms™ ") (kms™ " (kms™h (kms™ "
#2CO 89+ 38 49 + 13 209 + 4 258 + 3.9
NGC 5813
Dust Size My Ha flux
Cloud ID (kpc?) M) 107 "% ergs ™' em ™2
1 0.067 2065.30 5.71 +0.03
2 0.015 577.28 1.61 + 0.02
3 0.062 482.36 18.64 + 0.07
4 0.003 19.33 0.71 £+ 0.02
5 0.011 121.30 2.61 +0.03
6 0.086 2242.58 6.75 + 0.08
7 0.080 591.54 13.03 + 0.07
8 0.003 67.86 0.46 + 0.02
NGC 5846
Dust Size My Ha flux
Cloud ID (kpc?) (M) 107 ergs ' em?
1 0.002 31.42 3.19 £+ 0.03
2 0.010 197.30 17.90 + 0.05
3 0.063 572.12 151.5 +£ 0.2
4 0.022 344.21 19.44 + 0.07
5 0.025 299.97 50.25 + 0.08
6 0.044 1912.73 33.04 + 0.05
7 0.007 147.82 15.83 + 0.04
(Vo) OHa (Vco) 0co
(kms™ ) (kms™ " (kms™h (kms™ ")
#4CO —182 £+ 12 81 +19 —230 £ 2 233+ 1.6
#6CO 62+ 5 56 + 18 110 +£ 2 199 + 1.6

Notes. Column descriptions: (1) Dust Cloud ID number. (2) Size of the region
with strong dust absorption in square kiloparsecs. (3) Dust mass M, in solar
masses. (4) Ha flux measured in 107'¢ erg s Yem™2; for the dust clouds
associated with CO clouds, we report the following values: average Ha
velocity in kilometers per second; velocity dispersion o of Ha emission in
kilometers per second; average CO velocity in kilometers per second; velocity
dispersion ¢ of CO emission in kilometers per second.

data for NGC 5044 are available only in one optical band.
These plots clearly show that while extinction values in some
regions of the galaxies are consistent with the canonical Milky
Way value of Ry=3.1, some areas of high absorption
systematically exhibit lower Ry, values.

Through the analysis of extinction maps from a sample of
10 elliptical galaxies, P. Goudfrooij et al. (1994) found
systematic evidence of low Ry values in galaxies with large-
scale dust lanes or rings. In these galaxies, Ry ranges between
2.1 and 3.3, with an average lower than the canonical Galactic
value of 3.1. This suggests that the dust grains responsible for
the extinction of optical light are generally smaller than those
in our Galaxy. In contrast, ellipticals with dust irregularly
distributed in patches and filaments exhibit canonical Ry = 3.1
values—e.g., normal grain sizes.
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Figure 4. Left panels show the regions of strongest dust absorption where we
measure the extinction; colors and numerical labels mark individual regions in
each galaxy. The right panels display the corresponding Ay and A; values,
using the same colors for each region, together with their total uncertainties.

The small sample of BGGs presented here reveals a
different behavior. While the ratio of Ay/A; measured in
individual dust features is, on average, only slightly lower than
the canonical value of Ry =3.1, many dust patches display
significantly lower Ry values. Specifically, high dust absorp-
tion regions identified as region #3 in NGC 4472, region #2
in NGC 4636, regions #6 and #8 in NGC 5813, and regions
#4 and #6 in NGC 5846 are best described by low values of
Ry~2.1-2.5, rather than the canonical Ry=3.1. The
departures from the standard extinction law in these regions
are statistically significant at the 230 level. This indicates that
the dust extinction curve in these zones is genuinely different
from the canonical law, and it is very unlikely that the low Ry,
values arise from random noise. Instead, they strongly suggest
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intrinsically different dust properties in these specific, high-
absorption regions.

The dust properties in NGC 5846, a massive central EO
galaxy, were previously studied by P. Goudfrooij &
G. Trinchieri (1998) using optical imaging from the 3.5m
New Technology Telescope (NTT) at ESO. Their extinction
analysis showed Milky Way-like dust properties, and the
dusty features they identified closely match the absorption
structures revealed in our HST data. The key difference lies in
resolution: the NTT/EMMI images (0.27 pixel ', with image
quality constrained by a typical seeing of 1”) blur the main
filament into a single structure, whereas the HST Planetary
Camera (point spread function (PSF) FWHM 005) resolves it
into multiple knots and fine filaments. This improved
resolution allows detailed extinction studies and facilitates
direct comparisons with ALMA CO cloud distributions.

The HST data presented here confirm that the majority of
the central dust in NGC 5846 exhibits normal Galactic
extinction characteristics. However, this study extends pre-
vious work by uncovering localized regions where the dust
properties deviate from the canonical values.

5.2. Regions with Distinct Dust Properties

Figure 5 displays the Ha emission maps for NGC 4636,
NGC 5813, NGC 5846, and NGC 5044. Regions of strong dust
absorption are outlined by black solid lines. ALMA CO-
detected clouds are shown in dashed red contours along with
the labeled CO “cloud” ID numbers.

ALMA observations of CO emission reveal two molecular
cloud detections in NGC 4636, three in NGC 5846, and 17 in
NGC 5044 (P. Temi et al. 2018). In NGC 5846, two of the
three CO clouds (clouds associated with dust knots #4 and
#6; hereafter #4CO and #6CO) are spatially resolved by the
12 m array, with extents of 12 (~160 pc) and 29 (~450 po),
respectively (P. Temi et al. 2018). Cloud #6CO in NGC 5846
is nearly perfectly aligned with a dust filament, while the other
cloud in the field coincides with the small dust extinction
features, approximately 0'5 wide (~60 pc). However, other
similar dusty regions in the galaxy do not show detectable
CO(2-1) emission. Both CO clouds in NGC 4636 are
unresolved in the ALMA data, indicating angular sizes <0'7
(~50 pc). Finally, one CO cloud in NGC 5846 and one in
NGC 4636 lie outside the field of view of the MUSE Ha
emission map and are therefore not discussed here. Many of
the 17 detected CO clouds in NGC 5044 lie within ~5" of the
galaxy center. Only four are resolved by ALMA, three of
which are in this central region. These central CO clouds align
with strong dust absorption features, with the resolved ones
encompassing multiple dust clumps, indicating a good
correlation between dust and molecular gas within the central
~5" x 5" Of the 17 clouds, 12 are located in regions of strong
Ha emission. While molecular clouds in this region generally
coincide with the brightest Ho emission—suggesting a broad
correlation—their spatial distribution does not strictly follow
the Ha morphology.

The limited number of detected CO(2-1) clouds (shown
with dashed red contours) in NGC 4636 and NGC 5846 align
well with both the warm ionized gas (~10*K) traced by Ha
emission and the cold dusty gas indicated by extinction. Where
CO is detected, the molecular clouds appear to be cospatial
with both the dusty structures and the warm, line-emitting gas.
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NGC 4636

NGC 5813
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NGC 5044

NGC 5846

Figure 5. MUSE Ha images of NGC 4636, NGC 5044, NGC 5813, and NGC 5846, with regions of strong dust absorption outlined by black solid lines. Dashed red
contours indicate ALMA CO-detected clouds in NGC 4636, NGC 5044, and NGC 5846 along with the labeled CO “cloud” ID numbers. In NGC 4636, the highly
extincted regions coincide with strong Ho emission; dusty region #2 overlaps with a CO cloud and shows enhanced Ay/A; relative to dusty region #1. In NGC 5044
several resolved CO clouds lie within the central ~2 kpc and overlap with regions of strongly extincted light as well as with the Ha emission. Both NGC 5813 and
NGC 5846 show a clear spatial correspondence between the knotty dust structures and the filamentary Ha: emission.

As reported in the previous section, some of the highly
extinct regions at the center of our sample galaxies show
distinctive dust properties. Their derived Ay/A; ratios indicate
that the dust properties are consistent with an extinction curve
for Ry <2.5. It is of interest to investigate what sets these
regions apart from the remaining dust. A clue emerges from
the recent ALMA observations. In NGC 4636 and NGC 5846,
the three detected CO clouds coincide with regions of high
starlight absorption that exhibit deviations from the canonical
Galactic extinction law (see Figure 5). This correlation
suggests a physical connection between the presence of
molecular gas and the altered dust extinction properties in
these galaxies. Interestingly, several dust features revealed by
HST in these galaxies do not show any associated molecular
gas emission (see Figure 1). Because of the limited HST data
available for NGC 5044, we cannot confirm that dust
associated with CO has peculiar extinction characteristics for
this galaxy.

Theoretical models and observational studies generally
predict that dust associated with molecular gas—particularly
in CO-bright regions—should exhibit higher total-to-selective
extinction ratios, Ry, corresponding to flatter extinction curves.
This expectation arises from enhanced grain growth in dense
molecular environments, where shielding from UV radiation
allows dust grains to coagulate and accrete icy mantles,
increasing the average grain size (A. P. Jones et al. 1996;
D. C. B. Whittet et al. 2001; B. T. Draine 2003;
N. L. Chapman et al. 2009; C. W. Ormel et al. 2009)

However, in massive galaxies, this trend does not always
hold. Deviations from typical grain growth are common in
dynamic, energetic galactic centers in proximity of an AGN,
where strong radiation and shocks can disrupt grain growth by
fragmenting large grains (e.g., G. M. Voit 1992; W. Ishibashi
& A. C. Fabian 2016). In addition, AGN-driven turbulence
promotes large-scale mixing of the ISM, preventing the
creation of dense, well-shielded environments required for
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grain growth and thereby sustaining a small-grain-dominated
dust population (S. Aoyama et al. 2018; L. Mattsson 2020).
Low Ry values may also occur if the observed CO emission
traces not only the dense, well-shielded cores of molecular
clouds but also more diffuse or transitional molecular regions,
where grain coagulation is less efficient and a higher fraction
of small grains persists.

While the intense dynamics and energetics associated with
AGNs are well recognized within the galaxy’s core, our
observations reveal dusty regions and CO molecular clouds
extending over several kiloparsecs, far beyond the immediate
influence of the galactic nuclei. Thus, the observed peculiar
dust extinction properties can be simply explained by the fact
that the cooled dusty gas is relatively young, which indicates
that the process of dust grain growth is still incomplete,
resulting in environments dominated by small grains. How-
ever, since the formation of CO may involve molecular
hydrogen in dusty regions associated with CO molecular
emission, the dust presumably preexists the CO molecular
clouds.

Furthermore, the long-standing view that the optical and
near-infrared dust extinction curve is fully characterized by a
single parameter, Ry, linked to grain size and composition, has
recently been challenged by Gaia BP/RP spectra analysis of
over 130 million stars. G. M. Green et al. (2025) show that
extinction curves of the Milky Way cannot be described by Ry,
alone, revealing how multiple independent components
contribute to extinction variation, which reflects heterogeneity
in dust composition and local physical conditions of the ISM.
A two-dimensional map of Ry across the Milky Way
(R. Zhang et al. 2023) reveals substantial spatial variation in
Ry, from molecular cloud scales to kiloparsec scales. A
pronounced correlation emerges between Ry and the locations
of molecular clouds, with notably lower Ry values observed
within cloud interiors compared to their surroundings.

5.3. Is There Excess Emission in the Near-IR?

Deviation from the standard Galactic extinction law is
usually regarded as an indication of dust properties, in terms of
grain size distribution and/or chemical grain composition, that
may differ from those of the ISM in the Milky Way. Here, we
want to investigate if the discovery of very low Ry, values only
near the CO clouds may be due to /-band emission from
unusually hot, and possibly small, dust grains.

Near-IR emission from hot dust in hot plasma environments
similar to those encountered in our sample galaxies is
commonly observed (H. Kimura & 1. Mann 1998; I. Mann
et al. 2006). These observations indicate the presence of dust
in the inner solar corona where a 10° K gas is present with high
density n, ~ 10%cm > (P. F. Hopkins & J. Squire 2018). Dust
dynamics, including formation and destruction, and dust—gas
interactions, are responsible for the observed emission and
dust features in the corona (H. Kimura & I. Mann 1998;
H. Kimura et al. 1998; H. Kobayashi et al. 2009). Although the
hot gas density in the atmospheres of our galaxy sample is
orders of magnitude lower, we are motivated to investigate
whether the anomalous dust extinction properties in localized
areas could be attributed to excess emission in the / band.
While emission in the / band is rare, emission in the K band is
commonly observed (see I. Mann et al. 2006, for a review).

We have conducted a detailed analysis of near-infrared
observations from both the Two Micron All Sky Survey and
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Spitzer-IRAC for galaxies with ALMA molecular gas detec-
tions, in order to identify localized infrared emission excesses
at the positions of individual CO clouds. Revealing a small
variation in surface brightness at the centers of these bright
galaxies has proven to be difficult using a single-band image.
Contrast is much improved when an appropriate subtraction of
J- and K-band images is used. However, our investigation did
not provide any evidence in support of near-IR excess
emission at specific CO cloud locations.

Although further investigation is necessary, with current
data, we do not find evidence that the high Ay/A; ratio,
observed in regions where dust is associated with CO clouds,
is due to I-band emission from hot dust rather than deviation in
dust properties from the ISM in the Galaxy.

5.4. Ho and CO Kinematics and Dust Correlation

Velocity maps of the Ha-emitting gas (Figure 6) enable a
comparison of the kinematic structure in regions spatially
coincident with both molecular gas clouds and dust extinction.
Detailed kinematic properties of the CO clouds within the
galaxy sample are presented in P. Temi et al. (2018). Here, we
provide a summary of the key findings. In NGC 5846, cloud
#6CO shows possible bimodality and a smooth velocity
gradient (100-120 km s~ 1), while #4CO is unimodal with a
velocity span across the cloud of Av=25 km s~' with an
average of (v) = —230 km s~ '. In NGC 4636, the cloud at dust
knot #2 aligns with an optical emission ridge and has
(v) =200 km s~'. Seventeen CO clouds are detected in
NGC 5044, including several large (290-590 pc) or unresolved
structures, with some outer clouds lacking associated dust.
These data are summarized in Tables 3 and 4.

The velocity maps of the Ha-emitting gas reveal coherent
kinematic structures in regions spatially coincident with
molecular gas clouds. In particular, clouds #6CO and #4CO
in NGC 5846 lie within areas where the Ha-emitting gas
displays opposite line-of-sight motions, yet both follow the
global velocity gradient, suggesting a physical connection
between the molecular and ionized components. Likewise, the
CO cloud associated with dust knot #2 in NGC 4636 shows a
velocity pattern broadly consistent with that of the Ha-emitting
gas. Although the velocity fields of the warm and cold gas
phases exhibit strong overall agreement, their absolute velocities
differ, indicating a significant offset between the two phases.

The Ha velocity map of NGC 4636 shows a smooth
gradient transition from blueshifted to redshifted velocities,
indicating a coherent large-scale gas motion across the galaxy.
MUSE observations of NGC 5044 reveal a complex Ha
velocity field within the galaxy’s core. The velocity map on an
~ 1 kpc scale shows signs of a rotating disk-like structure near
the nucleus with velocity amplitudes of =150 kms ',
alongside more turbulent and disturbed motions in the
surrounding filaments and extended emission regions. The
velocity dispersion varies across the field, reflecting both
dynamically rotating gas and more turbulent or shocked areas.
The Ha velocity field qualitatively agrees with the velocities
of the individual clouds. Notably, the only redshifted cloud
near the galaxy center coincides with the small region in the
Ha map that shows positive velocities within an area
otherwise dominated by negative velocities. Again, their
absolute velocities differ, revealing a notable velocity offset
between the two phases. Table 3 summarizes the kinematic
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Figure 6. Ha radial velocity maps of NGC 4636, NGC 5846, and NGC 5044
with ALMA CO-detected clouds shown in black contours.

properties of the CO clouds and the corresponding Ha
emission regions in NGC 5044.

For the galaxies with both MUSE and two HST filter
observations, we calculated the mass of the dust within the
dust regions plotted in Figure 4 following the approach
described in (P. Goudfrooij et al. 1994). We assumed a grain
size between 0.005 and 0.22 pym (B. T. Draine & H. M. Lee
1984), a specific grain mass density of 3 gcm >, a mixture of
graphite and silicate (equal absorption from those), and a grain
size distribution proportional to a~ > (J. S. Mathis et al. 1977;
P. Goudfrooij et al. 1994).
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Table 4 highlights the best-resolved and most representative
structures and summarizes the kinematic properties of both the
molecular gas and the Ha-emitting gas in regions corresp-
onding to those identified in the extinction maps. Global Ha
properties for all galaxies are presented separately in Table 1.
The table also reports the dust masses derived from V-band
extinction measurements and the sizes of the “clouds” detected
in dust absorption.

5.5. Role of X-Ray Data in Interpreting Dust, CO, and Ho
Emission

X-ray data provide critical constraints for the interpretation
of both dust and Ha emission in galaxy groups. The close
spatial (and kinematical) correlation between soft X-ray
emission, warm ionized gas, and the cold molecular phase
for NGC 4636, NGC 5846, and NGC 5044 has previously been
reported by P. Temi et al. (2018). Similarly, V. Olivares et al.
(2022) reported a correlation between Ha luminosity and the
cold molecular phase in a more extensive sample of BGGs.
This alignment supports a condensation scenario (e.g.,
M. Gaspari et al. 2011, 2012, 2017; M. Valentini &
F. Brighenti 2015; G. M. Voit et al. 2017), in which
compressive bulk motions and subsonic turbulence in the hot
halo seed thermal instabilities that cascade into warm filaments
and molecular clouds at local overdensity peaks.

X-ray observations are also essential in revealing the
footprints of AGN feedback in the hot atmosphere. Jets from
the central AGN can displace the surrounding gas as they
expand, creating low X-ray surface brightness structures filled
by nonthermal plasma (e.g., F. Ubertosi et al. 2021). These
structures, known as X-ray cavities, have been routinely
observed in the hot atmospheres of galaxy groups (e.g.,
R. Dong et al. 2010; D. Eckert et al. 2021). In this paper, we
focus on the role of dust within the multiphase medium. In
particular, we examine how dust-rich structures trace the spatial
distribution of molecular gas and Ha filaments in the central
regions of the galaxies, providing additional constraints on the
formation and survival of cold gas in a hot atmosphere. The
group-centered elliptical galaxies analyzed in this investigation
reveal a notable diversity in the spatial relationship between
regions of high dust absorption and molecular gas (CO)
emission. In NGC 4636 and NGC 5846, we find that all the
CO-emitting clouds are associated with regions of strong dust
absorption. However, most (lower extinction) dusty features
have no detectable CO emission. In both cases, the dust must be
well mixed with cold gas and shielded from the ambient hot gas.

Figure 7 shows X-ray images of the central regions of
NGC 4636, NGC 5044, NGC 5813, and NGC 5846, with Ha
emission shown as cyan contours. Red contours mark areas of
strong dust extinction, while white dashed ellipses outline CO-
detected molecular clouds. Inner X-ray cavities are indicated
by black ellipses, and where applicable, outer cavity ridges
near the frame edges are delineated by black lines.NGC 4636
is shown in Figure 7 over its central ~40” of X-ray emission.
While A. Baldi et al. (2009) provide a comprehensive
description of the larger-scale X-ray morphology, here we
restrict our discussion to the smaller field of view covered by
the MUSE and HST observations. In this region, the Ha-
emitting gas displays a morphology that closely matches that
of the hot X-ray-emitting plasma. A central depression in the
Ha emission corresponds to a cavity in the X-ray map
(outlined by a black ellipse in the figure). The molecular cloud
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Figure 7. X-ray images of the central regions of NGC 4636, NGC 5846, NGC 5813, and NGC 5044, overlaid with Ha emission contours in cyan. Regions of high
dust extinction are shown with red contours, and molecular clouds detected in CO are outlined with white dashed ellipses. Inner X-ray cavities are marked by black
ellipses, and in fields where present, outer cavity ridges near the image edges are traced with black lines.

detected in this field of view is associated with a region of high
dust extinction and is located along the rim of the central X-ray
cavity.

In contrast, NGC 5044 shows a somewhat more complex
picture. Several unresolved molecular clouds (indicated by
small white ellipses) are detected within the central few
kiloparsecs, while a few larger cloud associations at the very
center are resolved by ALMA 12 m array observations (see
Figure 5 and L. P. David et al. 2014; P. Temi et al. 2018).
Although most of the central CO clouds overlap dust-rich
regions, some centrally located unresolved clouds do not show
detectable dust absorption. Many unresolved CO features lie
outside the field of view of the HST extinction map, preventing
any analysis of their association with the dust. Notably, a
subset of the central molecular clouds coincident with
localized dusty knots appears to trace the edges of the two
inner X-ray cavities (outlined by black ellipses).

11

NGC 5813 exhibits extended Ha emission aligned with the
axis of the X-ray cavities. Prominent dust features overlap the
warm ionized gas and trace the rear edges of the cavities. In
contrast to the other galaxies discussed above, the current
ALMA observations do not detect CO(2—1) emission in NGC
5813. Y. Fujita et al. (2023) derive an upper limit of
3.2 x 10°M,, for the molecular gas in the central 500 pc
region, a value which classifies NGC 5813 as a relatively CO-
poor system, similar to NGC 4636.

In NGC 5846, the two CO clouds, outlined by white dashed
contours, appear to align with the rims of the two identified
cavities (black ellipses; M. E. Machacek et al. 2011). Both the
Ha-emitting gas and the dusty gas prominently trace the
northern and southern rims of the X-ray emission, which
outline the boundaries of the north and south cavities.

The presence of an extended reservoir of warm gas and
dust-rich molecular clouds, often cospatial with the rims of
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X-ray cavities, supports the scenario in which hot, low-entropy
gas is uplifted and compressed by cavities and AGN outflows.
This process can stimulate thermal instability and condensa-
tion, especially near cavity boundaries, leading to additional
formation of cold clouds at the bubble edges (F. Brighenti &
W. G. Mathews 2002; M. Gaspari et al. 2012; F. Brighenti
et al. 2015; B. R. McNamara & P. E. J. Nulsen 2016;
G. M. Voit et al. 2017) on top of the quasi-isotropic CCA rain
(M. Gaspari et al. 2017) generated by volume-filling
turbulence.

Sputtering of grains is very effective in the hot gas (e.g., Tsai
& Mathews 1995; B. T. Draine 2011) and for temperatures
25 % 10° K, typical of the six group-centered elliptical galaxies
studied here, is primarily sensitive to the gas density. Our X-ray
bright elliptical galaxies with extended cool gas have a typical
density profile n ~ 0.15 @;7 cm >, where T'kpe 18 the radius in
units of kiloparsecs (K. Lakhchaura et al. 2018). This results in
a sputtering time fyuq ~ 8 x 10° rl?ﬁZ yr. Thus, the hot gas is
expected to be very dust-poor, with a typical dust-to-gas ratio
8§~ 107*-107° (e.g., M. Donahue & G. M. Voit 1993; J. C. Tsai
& W. G. Mathews 1995; P. Temi et al. 2003; M. Valentini &
F. Brighenti 2015). If cold gas originates from the thermal
instability of the hot atmosphere of these central ellipticals, dust
grains must therefore grow by accretion from dust seed, a
mechanism which is effective in dense, low-temperature gas
(E. Dwek 1998; B. T. Draine 2009).

The typical timescale for dust growth by accretion in the
densest and coldest clouds is ~10°-10° yr (E. Dwek 1998). In
less dense or low-metallicity environments, where growth is
slower due to lower collision rates between gas-phase metals
and dust grains, the timescales can extend up to several tens or
even hundreds of millions of years (H. Hirashita 2000, 2012;
H. Hirashita & T.-M. Kuo 2011; M. Valentini & F. Brighenti
2015). Thus, dust can effectively grow in dense gas with
timescales comparable or shorter than the dynamical time at
the cloud location (a few kiloparsecs), which is an approximate
measure of the age of the (dynamically transient) cold gas.
Additionally, variations in dust grain size distribution may
occur depending on the age of the cold gas clouds. This
conclusion is supported by H. Hirashita & T. Nozawa (2017),
who developed a dust evolution model for elliptical galaxies
undergoing AGN feedback cycles and compared it with
observational data, demonstrating that the dust-to-gas ratio
is primarily governed by the dust growth timescale in the
cold gas phase, and that the model range of accretion
timescales (~10°~10® yr) effectively accounts for the observed
dust and gas. This might apply to the systems studied in this
work, being prominent examples of elliptical galaxies with
several AGN feedback structures (especially NGC 5044,
NGC 5813, and NGC 5846, which show clear X-ray cavities;
Figure 7).

A crucial question arises regarding the timescale for
molecules to form in the cooled gas, and how this timescale
compares to the other relevant processes, such as dust
formation, gas cooling, and dynamical evolution, within the
cold cloud environment. Molecular hydrogen requires dust to
form rapidly, with a timescale of ~10° yr, once the dust-to-gas
ratio approaches values similar to the Galactic one (e.g.,
S. C. O. Glover et al. 2010; S. C. O. Glover & P. C. Clark
2012). CO is also expected to form with a similar timescale.
The cold gas in our galaxies is arranged in irregular and
disturbed fashion (see Figure 5), so it is dynamically transient,
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with a likely age of the order of the dynamical time, ~10" yr.
This very qualitative analysis shows that the hierarchy of
timescales allows the dust and molecules to form in the cooled
gas of the systems in our sample, although the uncertainties are
large.

The dust growth process requires dust seeds. These can be
provided by the small amount of dust surviving in the hot gas
(see J. C. Tsai & W. G. Mathews 1995) or by the stellar mass
loss (e.g., W. G. Mathews & F. Brighenti 2003b). Specifically,
asymptotic giant branch (AGB) stars are a likely source of dust
through mass loss from evolved stellar populations. The
stripped circumstellar dusty gas rapidly establishes pressure
equilibrium with the hot interstellar gas and is ionized and
(briefly) maintained at warm temperatures T~ 10°K by
diffuse UV emission from hot post-AGB stars. It is expected
that by ~10° yr following its ejection from its parent star, the
dusty ionized gas is heated to T~ 10" K and thermally merges
with the ambient hot gas, leaving the dust grains directly
exposed to the hot interstellar gas (W. G. Mathews 1990;
W. G. Mathews & F. Brighenti 2003a, 2003b). After this short
phase, the injected dust can be quickly sputtered away,
generating dust-to-gas ratios of 10 °-10"° (J. C. Tsai &
W. G. Mathews 1995; P. Temi et al. 2003). However, in the
central region of the galaxy, dusty gas ejected by evolved stars
can cool faster than the sputtering time, allowing a larger dust-
to-gas ratio in the cooled gas (W. G. Mathews & F. Brighenti
2003b). While the following evolution of these newly formed
dusty clouds is uncertain, this mechanism can in principle
supply dust seeds needed by the dust accretion process.

Yet another mechanism to (intermittently) feed dust into the
hot atmosphere has been proposed by H. Hirashita &
T. Nozawa (2017). In this scenario, the AGN feedback
periodically heats and ejects cold, dusty gas, effectively
mixing it with the hot phase. This scenario, along with the
close association of dusty molecular gas with the X-ray
cavities in the hot atmospheres observed in NGC 4636, NGC
5846, NGC 5813, and NGC 5044 (Figure 7), supports the idea
that feedback from the central AGN has a primary role in the
injection and survival of dust.

6. Summary and Conclusions

The high spatial resolution of our multiphase dataset enables
us to resolve and identify distinct dust and gas structures
within the central kiloparsec of these galaxies, revealing
signatures of a dynamically unsettled medium. The results
presented here indicate that only a subset of dusty structures in
our sample of group-centered galaxies is associated with cold
molecular gas. In NGC 4636 and NGC 5846, all three detected
CO clouds within the central kiloparsec align with regions of
strong dust absorption. Furthermore, the consistent radial
velocities of CO and nearby Ha emission in these two galaxies
further support a genuine physical association between dust,
molecular, and warm gas, rather than a chance alignment along
the line of sight. In contrast, only some of the CO clouds in
NGC 5044 exhibit spatial correlation with dusty features. NGC
5813, albeit rich in dust absorption features, shows no
detectable CO emission.

Most surprising is the discovery of unusually low values of
the total-to-selective extinction ratio, Ry, localized near the CO
clouds. This is counterintuitive: in regions rich in cold
molecular gas, elevated Ry values are typically expected due
to grain growth and coagulation in dense environments.
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Instead, the observations reveal lower Ry, values, indicative of
steeper extinction curves (e.g., E. L. Fitzpatrick & D. Massa
2007; K. D. Gordon et al. 2023), suggesting that dust in these
environments may be more heavily processed, fragmented, or
otherwise evolutionarily distinct from dust in typical star-
forming regions. Alternatively, clouds with low Ry, values may
represent relatively young regions where dust growth remains
incomplete, yielding a grain size distribution dominated by
small particles.

Several authors have contributed to the debate around the
origin of the cold gas and dust in luminous elliptical galaxies
with hot gas halos (e.g., P. Goudfrooij & G. Trinchieri 1998;
W. G. Mathews & F. Brighenti 2003b; P. Temi et al. 2007a,
2007b, 2022; M. Gaspari et al. 2012, 2018; N. Werner et al.
2014, 2019; P. Temi et al. 2018; V. Olivares et al. 2022;
R. Eskenasy et al. 2024, and references within). In all the
galaxies studied here, chaotically arranged dusty fragments
and filamentary structures are observed against the stellar
background. These features appear to consist of cold gas in a
highly transient state, orbiting within the galactic potential at
distances of several kiloparsecs, where the freefall time is
~10" yr. Given their size and associated dust mass, it is highly
unlikely that these relatively large, optically obscuring clouds
are infalling material recently ejected by stellar processes.
Furthermore, the presence of molecular clouds in the form of
off-center, orbiting structures argues against simple, axisym-
metric inflow models and instead supports a more chaotic,
clumpy condensation process in the hot X-ray-emitting halo.
This is consistent with models of CCA /precipitation, in which
radiative cooling from the hot gas halo leads to the intermittent
formation of cold clouds, some of which may rain down
toward the Galaxy center and fuel SMBH accretion
(M. Gaspari et al. 2013, 2020; G. M. Voit et al. 2017).

We summarize the results from this study as follows:

1. We observe a clear spatial variation in dust extinction
curves that correlates with the association of dust with
molecular gas. Dust spatially coincident with molecular gas
shows significantly steeper extinction curves and lower Ry
values (~2.0-2.5), indicative of a grain size distribution
skewed toward smaller particles. In contrast, dust found
outside CO-emitting molecular regions exhibits extinction
characteristics similar to those of the diffuse ISM in the Milky
Way, though the total-to-selective extinction ratio spans a
range of Ry~ 2.5-3.1.

2. Where CO and dust coexist, observations indicate a
regime dominated by dynamic condensation—fragmentation
processes, driven by turbulence and cooling. In these
environments, dust grain shattering might be efficient,
resulting in relatively low values of the total-to-selective
extinction ratio Ry. Alternatively, clouds exhibiting low values
may represent relatively young environments where dust
growth has not yet fully progressed, resulting in a grain size
distribution still dominated by small particles.

3. Regions exhibiting dust absorption without associated CO
may represent an evolutionary phase where initially CO-rich
and dusty clouds have undergone molecular dissociation,
leaving behind dust grains exposed to energetic processes such
as shattering and sputtering in the ambient medium. Measured
Ry values within these dust-only regions lie in the range of
2.5-3.1. This range suggests a trend where dust, once
embedded in CO-rich environments with high Ry, is subse-
quently evolving toward lower Ry, values consistent with grain
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fragmentation and erosion. While speculative, this scenario
aligns qualitatively with the modeled evolutionary timescales
discussed in this study.

4. We find a strong spatial correspondence between dust
extinction features and warm ionized gas traced by Ha
emission. Across multiple systems (NGC 4636, NGC 5813,
NGC 5846), this correlation extends from compact CO clouds
to diffuse, filamentary structures on scales of 20"-30”,
indicating that filamentary and diffuse dust structures align
closely with Ha emission and are cospatial over a range of
morphologies and spatial scales. Such spatial alignment is
expected if turbulent mixing or thermal conduction acts
efficiently at the interfaces between hot and cold phases,
consistent with the CCA multiphase condensation framework.

5. Kinematic analyses reveal that both the molecular gas and
the warm Ha-emitting gas display coherent velocity structures,
alongside evidence of rotation and turbulence. However, some
clouds exhibit complex brightness and velocity patterns, while
some dust-rich regions lack corresponding molecular detec-
tions, indicating localized differences in the formation or
survival of molecular clouds within these group-centered
elliptical galaxies.

6. The partial alignment of dusty, molecular, and ionized
structures with X-ray cavities suggests a close connection with
feedback, whereby rising bubbles and associated compressive
motions amplify local thermal instabilities and trigger
condensation on top of the volume-filling turbulent condensa-
tion. While CO clouds are always associated with dusty
features, many dust structures lack CO, implying additional
reservoirs of diffuse cold gas below current detection limits.
The survival and replenishment of dust can be explained by
rapid grain growth in cold dense gas, occurring on timescales
comparable to or shorter than both dust destruction and cloud
dynamical lifetimes. Molecular gas forms in parallel once
sufficient dust is present, reinforcing the interpretation of an
in situ growth process regulated by AGN feedback cycles.
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