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Abstract

We present new Hubble Space Telescope (HST) imaging of the ionised filaments in the brightest group galaxy NGC 5044, providing the
first high-resolution view of such structures in a galaxy group. The filaments extend several kiloparsecs from the centre, with widths of
~50-120 pc. Some strands are as narrow as those in cluster cores, while others are broader, consistent with the weaker confining pressure of
the intragroup medium. With our limited sample, we find that the filament width (W) roughly scales with ambient pressure (P) as W p04,
Combining HST with molecular and MUSE observations, we measure column densities and magnetic field strengths. Equipartition magnetic
fields decline from ~40 WG near the centre to ~20 WG at 5 kpc, about 2-3 times weaker than in clusters. Dynamical stability arguments
require stronger radial magnetic fields (~10? wG), consistent with simulations and magnetic field lines draping and flux freezing around
cavities, though such high values may be difficult to reconcile with Faraday Rotation Measure limits. Turbulence and cosmic rays can also
provide complementary support. Filaments are stable against gravitational collapse, and ultraviolet imaging reveals no star formation in
NGC 5044 (<1072 Mg yr~!), confirming that star formation in filaments in both groups and clusters remains largely quenched. NGC
5044 hosts an ionised gas core within its Bondi radius with 7, oc ¥~ and filling factor f >3 x 1073, that is connected to the extended
filaments, suggesting a channel for gas inflow toward the black hole. Our results show that group filaments share the same origin and
stabilising mechanisms as cluster filaments, with magnetic fields and AGN feedback preserving filamentary structures with ambient pressure
and dust survival as key factors for molecular gas formation and survival. Lower pressure groups favour broader, diffuse filaments with
sporadic molecular clumps and less dust shielding, while higher pressure clusters host narrower strands with stronger molecular/ionised
gas alignment. We predict that (i) filament widths scale with ambient pressure, (ii) filament-coincident Faraday rotation structures should
appear at <0.1 kpc resolution, and (iii) molecular/ionised gas co-spatiality is weaker in groups than in clusters.
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1. Introduction most of the radiative cooling must be offset by heating processes—
primarily active galactic nucleus (AGN) feedback, as well as
thermal conduction and turbulence (e.g. Fabian 2012; Donahue &
Voit 2022). Yet this heating cannot perfectly balance cooling at all
times and spatial scales. Multi-wavelength observations have now
established that cold gas and young stars are frequently present in
cool cores, albeit at reduced levels compared to classical cooling
flow predictions. These include CO emission (e.g. Edge 2001;
Salomé & Combes 2003), cold atomic gas and dust (e.g. Edge et al.
2010; Rawle et al. 2012), warm molecular hydrogen (e.g. Donahue
et al. 2011), Ha nebulae (Crawford et al. 1999; Hamer et al. 2016),
and young star clusters (e.g. McDonald et al. 2011; Canning et al.
2010, 2014).

Over one-third of galaxy clusters and groups host dense X-ray
emitting cores centred on their brightest central galaxies (BCGs),
with radiative cooling times shorter than 1 Gyr at radii < 20 kpc
(e.g. McNamara & Nulsen 2012; Donahue & Voit 2022). In the
absence of heating, these ‘cool cores’ should drive substantial
cooling flows, leading to the rapid accumulation of cold gas at
rates up to ~1 000 Mg yr’1 (e.g. Fabian 1994). However, sensitive
X-ray spectroscopic observations have not detected the expected
reservoirs of gas cooling through soft X-ray lines, indicating that
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One of the most striking features of cool cores is the
extended, filamentary optical line-emitting nebulae. Perhaps the
best example is NGC 1275 (the BCG of the Perseus cluster,
e.g. Crawford et al. 1999; Fabian et al. 2008). These narrow,
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Table 1. HST data used in this study from the proposal 15290 (PI: Sun).

P. Tamhane et al.

Filter Instrument Obs date N2 Total exposure (sec) Mean A (A) Area (arcmin?)
F300X WFC3/UVIS 2018-07-28 3 2607 2882 7.5
F665N WFC3/UVIS 2018-07-28,2018-08-19 8 10128 6561 7.5
F814W WFC3/UVIS 2018-07-28 2 834 8117 7.5

Note: *the number of exposures.

long-lived filaments trace the presence of multiphase gas and are
often co-spatial with cold molecular clouds. Their low-ionisation
spectra with elevated [N 11]/Ha and strong [O I] lines suggest
distributed, non-stellar ionisation sources such as heat conduc-
tion, turbulent mixing, cosmic rays, or magneto-hydro-dynamic
(MHD) wave dissipation (e.g. Ferland et al. 2009; Canning et al.
2016). Regardless of the specific mechanism, the optical filaments
are sites of condensation from the hot intracluster medium (ICM),
and thus offer critical insights into the physical conditions and
thermodynamic history of cool cores.

The optical emission-line nebulae observed in cool cores are
widely interpreted as signatures of multiphase gas condensa-
tion arising from thermal instabilities in a hot ambient medium
(e.g. McCourt et al. 2012; Gaspari, Ruszkowski, & Sharma 2012).
Heating from AGN, stellar winds, and supernovae offset cooling
globally, but they are often unable to prevent localised overdensi-
ties from becoming thermally unstable. These overdensities may
develop along turbulent eddies (Gaspari, Temi, & Brighenti 2017)
or within the low-entropy gas uplifted by buoyant bubbles and jets
launched by the central AGN (Revaz, Combes, & Salomé 2008). As
gas is displaced to larger radii, it can cool and condense into warm
and cold filaments, a process described by precipitation and uplift-
driven condensation models (e.g. McNamara et al. 2016; Voit et al.
2017). Some of this condensed material may subsequently accrete
onto the supermassive black hole, potentially in a disordered man-
ner as described by chaotic cold accretion (CCA, Pizzolato &
Soker 2005; Gaspari, Ruszkowski, & Oh 2013). Thus, the optical
emission-line nebulae provide important kinematic and timescale
constraints on gas flows in cool cores, from ~50 kpc down to
regions within the Bondi radius on scales of 50-100 pc (Fabian
et al. 2008, 2016; Hamer et al. 2016; Olivares et al. 2019).

While much effort has gone to the study of cluster cool cores,
group cool cores are also important as baryon physics (e.g. pre-
heating and AGN feedback) begins to dominate over gravity in
these low-mass halos. To explore this regime, we have initiated
several multi-wavelength studies of group cool cores, including
an Ho imaging survey targeting the brightest group galaxies
(BGGs) in over 60 nearby systems using the 4.1-m Southern
Astrophysical Research Telescope (SOAR) and 3.5-m Apache
Point Observatory (APO) telescopes (PI: Sun). These observations
reveal that extended warm filaments, often seen in clusters, are
also common in group environments, though their physical con-
ditions and formation mechanisms remain less well understood
(Sun 2012; Lakhchaura et al. 2018)

As a key case study, we focus in this paper on NGC 5044,
one of the nearest and best studied cool core groups. NGC 5044
hosts one of the brightest and most extended optical emission-
line nebulae in the sample (Sun 2012; David et al. 2014; Werner
et al. 2014). It is then naturally an ideal system for detailed stud-
ies. The radio luminosity of NGC 5044 (~5x 102 W Hz™!;
Grossova et al. 2022) is 2000 times weaker than that of NGC 1275
(~10% W Hz!; Pedlar et al. 1990) at ~1.4 GHz, which may imply
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a substantially smaller energy density of cosmic rays. It also hosts
few 10" M, of molecular gas (David et al. 2014; Temi et al. 2018)
as well atomic gas detected in [C 11] (Werner et al. 2014) and
from H 1 absorption (Rajpurohit et al. 2025). Molecular clouds
have also been detected in NGC 5044 in absorption indicating an
inflow of gas (Schellenberger et al. 2020; Rose et al. 2023). We
obtained Hubble Space Telescope (HST) imaging of NGC 5044
providing a uniquely sharp view of its optical filaments, enabling
measurements of their morphology to constrain the strength of the
magnetic field (e.g. Fabian et al. 2008). Combined with support-
ing observations from Atacama Large Millimeter/submillimeter
Array (ALMA), Chandra, and Multi Unit Spectroscopic Explorer
(MUSE) spectrograph on the Very Large Telescope (VLT), as
well as comparisons to the latest MHD simulations, these high-
resolution observations offer a comprehensive test of magnetically
supported condensation and accretion in a group cool core. We
compared filament properties in NGC 5044 with those in M87,
Centaurus and Perseus cluster filaments to examine whether the
filament properties in group environments differ systematically
from their more massive cluster counterparts, and assess the role
of non-thermal processes in shaping the multiphase structure at
the low-mass end of the halo mass function. At the distance of
NGC 5044 of 31.2 Mpc (Tonry et al. 2001), 1” =151 pc. For
Centaurus, Perseus, and M87, assuming distances of 39.8, 76.7,
and 16.5 Mpc, the corresponding spatial scales are 1” =190, 359,
and 80 pc, respectively. We used cz =2 747 km s™! for the system
velocity of NGC 5044.

2. Data analysis

2.1. HST

The HST data for NGC 5044 used in this work came from proposal
ID 15290 (PI: Sun) and were collected with Wide Field Camera 3
(WEC3) instruments from F300X, F665N, and F814W filters. The
F300X reveals young stellar populations if present, the F665N fil-
ter reveals the optical emission-line nebula, and the F814W filter
shows the evolved stellar population. Table 1 summarises the HST
data used in this analysis.

The images were aligned to the GAIA Data Release 3
catalogue (Gaia Collaboration et al. 2016, 2023) to within
0”.01 using the TweakReg tool from the DRIZZLEPAC pack-
age. For data with a small field of view, the HST pipeline
drizzled images from each dither position were used in align-
ment, and the final alignment was back-propagated to the
input images using TWEAKBACK within the DRIZZLEPAC.
Images in the same band taken on different dates were pho-
tometrically normalised using PHOTEQ in the DRIZZLEPAC.
Subsequently, the images in each band were drizzled together
using ASTRODRIZZLE, which reduced noise, removed cosmic rays
in overlapping regions, and produced a consistent pixel scale
of 0”.03 for all bands. All the mosaic images related to this work
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Figure 1. Left: RGB composite of NGC 5044 combining HST F300X (blue), F665N (green), and F814W (red) images. The F665N filter is centred on the He line. The images are modified
to enhance the dust filaments in the left panel and He filaments in the right panel. Right: Same image after subtracting the galactic continuum from each filter before combining,

highlighting the inner filaments and showing no young blue star clusters.

will be released to the Mikulski Archive for Space Telescopes as
High Level Science Products.* An RGB image of NGC 5044 is

shown in Figure 1.

We constructed models of diffuse galactic emission from the
F665N and F814W images for NGC 5044 using isophote fitting
and subtraction with Photutils.® These models were subtracted
from the data to obtain residuals highlighting low-surface bright-
ness filaments. Since this method also removes a significant com-
ponent of the ionised gas core in F665N image, we scaled the
F814W model and its isophotes to match the isophotes of F665N
derived using the same method between 20 and 500 pixel radius
region where both isophotes have the same shape. Subtracting this
scaled model from F665 original image produced a residual map
highlighting the extended Ha+[N 11] filaments and the central
core. Since the underlying stellar continuum should not differ sig-
nificantly between the F814W and F665N images in the central
regions, both methods produce consistent filament morphologies.

We selected rectangular regions centred on filaments in var-
ious parts of the galaxy, as shown in Figure 2, and extracted
surface brightness profiles along the axis perpendicular to the fil-
aments. Before extracting the profiles, we masked bright point
sources using PHOTUTILS segmentation, applying a threshold of
1.50 per pixel above the background RMS level and 2D Gaussian
kernel with a full width at half maximum (FWHM) of 3 pixels,
to minimise contamination. We then fitted one or two Gaussian
models to these profiles and measured their FWHM, which we
adopted as the characteristic width of the filaments for our analy-
sis. We estimated filament lengths by visually tracing the projected
extent of filaments along their major axis over which the coherent
emission was detected in the image. We note that the widths

*https://mast.stsci.edu/hlsp/#/.
Yhttps://photutils.readthedocs.io/en/stable/.
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are not constant along the filaments, often varying by up to
50%, but our Gaussian fits to surface brightness profiles provide
representative values.

We re-analysed HST WFC3/UVIS F665N data using a simi-
lar data-analysis procedure for the Centaurus, with observations
from Proposal ID 13308 (PIL: Fabian), and subtracted the galac-
tic continuum from the final image with PHOTUTILS to reveal
the filamentary structure (Figure 4). For M87, we used the HST
ACS/WEFC F660N-Pol image presented in Tamhane et al. (2025),
to analyse the nebular filaments (Figure 3).

2.2, MUSE

We also used data of NGC 5044 obtained with the MUSE spec-
trograph on the VLT in the Wide Field Mode (WFM), observed as
part of program 094.A-0859 (PI: Hamer). The galaxy was observed
in 2015 through five exposures, with a total integration time of
10.66 ks, covering the wavelength range from ~4800 to 9300 A.
The data have an average spatial resolution of 0.”7 and a spectral
resolution of R ~ 3000 (corresponding to FWHM ~100 km s™!
at 7000 A). The MUSE data were reduced using the latest ver-
sion (2.8.5) of the MUSE pipeline (Weilbacher et al. 2014) and the
EsoRex command-line tool. We then fitted the resulting data cube
using the TARDIS data analysis pipeline,® a Python-based spec-
tral fitting program that incorporates the penalised pixel-fitting
method (pPXF), based on Physics at High Angular resolution in
Nearby GalaxieS (PHANGS)-MUSE Data Analysis Pipeline (DAP)
(Emsellem et al. 2022). The TARDIS emission-line maps were used
in this analysis to derive the Ha flux and velocity distributions
in the galaxy. The Ha flux, velocity and velocity dispersion maps
derived from this data are shown in Figure 5. We derived the

“https://gitlab.com/francbelf/ifu-pipeline.
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Figure 2. F665N residual image showing extended Ha+[N 11] filaments in NGC 5044. The image is smoothed to enhance the visibility of the filaments. Red rectangles mark
the regions where filament surface-brightness profiles were extracted in the unsmoothed image. The extracted profiles (blue) and their Gaussian fits (orange) are shown in the
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detection.

radial velocity of the galaxy based on the average velocity of the
stars within the 1.5” radius region around the nucleus and found a
velocity of cz=2747 km s™!. We use this velocity to make the
velocity maps in this paper. We note that this value is close to
cz=2757 km s™! used by Rajpurohit et al. (2025).

3. RESULTS

3.1. Filament morphologies

In NGC 5044, M87 and Centaurus, we measured filament mor-
phologies at several locations along the length. We extracted

https://doi.org/10.1017/pasa.2026.10172 Published online by Cambridge University Press

surface brightness profiles of filaments in rectangular regions
placed along portions of the filaments, where the local morphol-
ogy is approximately linear over several resolution elements giving
a well-defined transverse profile and the region contains clearly
identifiable narrow strands, enabling us to assess how thin the
filamentary structures can become at HST resolution. These cri-
teria ensured that the measured widths reflect intrinsic filament
structure rather than artifacts of curvature or noise. We then fit a
gaussian profiles to the extracted profiles to estimate the full width
at half maximum (FWHM) of filament. The extraction regions,
surface brightness profiles and the corresponding fits are shown in
Figures 2, 3 and 4.
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3.1.1. NGC 5044

Figure 2 shows Ha+[N 11] filaments extending asymmetrically
from the central regions of the galaxy. The brightest emission orig-
inates from the central 1.5 kpc from the nucleus, likely tracing
a dense ionised gas component. The filaments extend ~7 kpc to
the north and ~5.8 kpc to the south of the nucleus. The northern
filaments show more substructure compared to the southern fila-
ments, which appear thicker and have more bends. Interestingly,
only the northern filament, specifically in regions 1 and 2, is co-
spatial with the X-ray filament identified by David et al. (2017).
The average width of the southern filaments is approximately
115 pc, while the northern filaments are thinner, with widths rang-
ing from 40 to 80 pc with some filaments with widths more than
100 pc. Overall, the characteristic filament widths range from
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50 to 120 pc, as shown in the brightness profile panels in Figure 2.
The average filament width is ~85 pc. In both regions the indi-
vidual filament lengths vary from 1 to 3 kpc. Thus, while most
filaments in NGC 5044 appear broader than those typically seen in
cluster environments, some filaments have narrow widths compa-
rable to cluster filaments despite being in a stratified environment
suggesting highly magnetised filaments.

The MUSE ionised gas flux, velocity, and velocity dispersion
maps for NGC 5044 are shown in Figure 5. The ionised gas is spa-
tially coincident with the narrow filaments identified in the HST
imaging. The velocity map reveals coherent and smooth velocity
gradients along all major filaments. The northern filaments show a
smooth velocity gradient with line-of-sight velocities varying from
~40 km s~! at the projected outer ends to ~—165 km s~! toward
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at 0.06 Jy km s~1. The Very Large Array L band radio contours are shown in blue.

the central regions. The southern filament shows an opposite
velocity gradient, increasing from ~0 km s™! at larger projected
radii to ~135 km s™! closer to the centre. Such velocity gradients
are expected if gas uplifted by radio jets is subsequently falling
back toward the galaxy centre. As described in Section 3.6, the
southern filament lies on the near side of the galaxy, for which
the observed velocity gradient is consistent with infalling gas. The

https://doi.org/10.1017/pasa.2026.10172 Published online by Cambridge University Press

velocity dispersion map shows relatively uniform dispersions of
~80-100 km s~! along the filaments. In contrast, the velocity dis-
persion increases significantly to ~350 km s™! in regions close
to the nucleus in projection, which may indicate disturbed gas
motions or multiple kinematic components along the line of sight.
The nuclear region has very high velocity dispersion exceeding
500 km s™! with multiple velocity components, consistent with
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the results of Diniz et al. (2017), who reported an FWHM of
3000 km s~ in the nucleus and suggested the presence of an
outflow based on Gemini Multi-Object Spectrograph data. The
detailed analysis of the MUSE data will be presented in the future
paper. Overall, the velocity field suggests slow inflow motions.
These low velocities are consistent with the standard picture of the
cooling of the infalling gas, also seen in other such similar systems
(e.g. Olivares et al. 2019).

Most of the molecular gas in NGC 5044 is concentrated within
the central 2 kpc, with only a few giant molecular associations
(GMAs) scattered around the centre, as shown by magenta con-
tours in Figure 2. In general, these GMAs are not co-spatial with
the extended filaments, except in region 6, where a GMA coin-
cides with the filament in projection. ACA observations did not
detect molecular gas outside the inner 2 kpc (Schellenberger et al.
2020), although Herschel [C 11] 1158 pm emission extends to
8 kpc (Werner et al. 2014). Given the lack of significant star for-
mation, this emission likely traces cold atomic gas, suggesting that
a more extended, diffuse molecular component may exist below
the detection threshold of current observations.

This trend is also reflected in the Ha surface brightness. In the
MUSE map, the average Ha surface brightness within the cen-
tral ~0.7 kpc radius region where CO is detected in NGC 5044
is 10-15 times higher than in the extended filaments. In contrast,
in region 6 (Figure 2), where both Ha and CO are detected along
a filament, the Hor surface brightness is ~4 times lower than in
the central region, while the CO surface flux density is a factor of
~2 lower. Given the substantially lower Ho surface brightness of
the extended filaments, the non-detection of CO in these regions
is consistent with the expected low molecular surface densities and
current observational sensitivity limits. Nevertheless, the partial
co-spatiality of molecular and ionised gas indicates that molecu-
lar clouds can sometimes condense within filaments, but in most
regions, the cold phase appears decoupled from the ionised gas,
reflecting local variations in pressure, density, or feedback.

The morphological differences between the northern and
southern filaments in NGC 5044 may reflect different evolution-
ary stages in the cooling process and their lifetimes. As suggested
by David et al. (2017), not all X-ray filaments have associated Ho
emission, implying that some regions may be in earlier stages of
multiphase gas condensation. The broader, more diffuse southern
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filaments may trace regions where gas has only recently become
thermally unstable or where cooling has been less efficient or
the filaments may be dispersing, while the narrower northern
filaments may represent more evolved sites of gas cooling or more
efficient cooling. Additionally, projection effects and orientation
relative to our line of sight could obscure the presence of narrower
substructures in the southern filaments, making them appear
wider.

3.1.2. M87

We also show filaments in M87 in Figure 3. These filaments are
co-spatial with UV and X-ray filaments (e.g. Werner et al. 2010;
Anderson & Sunyaev 2018; Olivares et al. 2025; Tamhane et al.
2025). The filaments in M87 are located within the inner 3 kpc
region wrapped around radio jets. The filaments are remarkably
narrow with thicknesses ranging from 16 to 60 pc with an aver-
age thickness of 37 pc. Ignoring the broader filament in region 1,
the average filament thickness is only ~27 pc. These fine struc-
tures highlight the unprecedented resolving power of HST and
suggest that the filaments are composed of narrow, magnetically
confined threads, consistent with theoretical expectations for mag-
netic pressure support in cool cores. The significantly narrow fila-
ments in M87, with widths of 16-25 pc, suggest that they may be
denser than broader filaments. This is consistent with the higher
electron densities inferred from [S 11] line ratios, with ~600 cm™3
in filaments closer to the nucleus compared to ~80 cm™ in the
outer filaments (Boselli et al. 2019).

The optical filaments in M87 are also mostly devoid of molec-
ular gas. The exception is the filament associated with Region 1
(see Figure 3), which contains ~4.7 x 10° Mg, of molecular gas
detected by ALMA (Simionescu et al. 2018), likely influenced by
the nearby radio jet. This region is also co-spatial with [C 11] emis-
sion (Werner et al. 2013), indicating the presence of multiphase
gas and reinforcing the possibility of the presence of cold atomic
gas in the filaments in NGC 5044.

3.1.3. Perseus and Centaurus

We re-analysed the HST data of the Centaurus cluster in a sim-
ilar way as that for NGC 5044 and measured filament widths.
The residual image showing the filaments is shown in Figure 4.
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Figure 6. Comparison of deprojected temperature, electron density and pressure profiles for the four systems analysed in this paper. Perseus: Sanders et al. (2004), NGC4696:

Babyk et al. (2018), NGC 5044 and M87: Pulido et al. (2018).

The filaments in Centaurus extend ~7 kpc from the cen-
tre. Their lengths vary from ~2 to 4 kpc and their widths
range from 45-66 pc, comparable to value of 60 pc reported by
Fabian et al. (2016).

For Perseus, we use the values reported in Fabian et al. (2008)
of 70 pc width and a length of 6 pc in this analysis.

Cold molecular and atomic gas has been detected in both BCGs
in both the centre and in filaments traced by CO (Salomé et al.
2008; Olivares et al. 2019) and [C 11] (Mittal et al. 2011, 2012).
However, in Centaurus, most ionised gas filaments are devoid of
molecular gas. The extended molecular gas is found co-spatial with
dusty filaments.

3.2. Filament densities

For NGC 5044 filaments within 1.5 kpc of the nucleus where most
of the molecular gas is observed, we use the H, column density
of Ny, ~ 1.5 x 10* cm™2 derived from ACA CO(2-1) absorption
(Schellenberger et al. 2020). For outer filaments, we used the RMS
sensitivity of ACA observations (1.8 mJy beam™') as an upper
limit on molecular gas column density and derive the column
density using

N(Hy) = Xcoga W, (1)

where W is the integrated CO(1-0) line intensity in K km s™!
and Xcoga ~ 2 x 10* cm™ (K km s7!) 7! is the Galactic CO-to-
H, conversion factor. We assumed CO(2-1)/CO(1-0) ~ 0.8 and
a linewidth of 200 km s™! resulting in Ny, < 6 x 10" cm™2. Xy,
is then estimated as 2jL 7, Ny, , where puy ~ 1.4 is the mean mass
per hydrogen atom.

Alternatively, assuming that the molecular cloud in region 6
with a mass of 2.4x 10® M, is associated with the filament, the esti-
mated column density is Ny, ~ 8.6 x 10%° cm™? for two filaments
each 2 kpc long with a width of 115 pc. These values are below
the observational upper limit on the neutral atomic hydrogen col-
umn density of Ny < 9.13 x 10?° cm™ (Rajpurohit et al. 2025).
We note that H, and H 1 trace different phases, so the compari-
son is intended to show that the total gas column does not exceed
observational limits.

For comparison, the [S 1I] line ratios in the filaments vary
from 1.6 to 1.9 suggesting electron densities of <30 cm™ fol-
lowing the prescription in Proxauf, Ottl, & Kimeswenger (2014).
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Assuming an ionised filament with a length of 2 kpc and a thick-
ness of 100 pc, this corresponds to a ionised gas column density
upper limit of Ng+ < 2.16 x 10* cm™2, and ionised gas mass of
<1.6 x 10* M, assuming a volume filling factor of 1073. These
densities are significantly lower compared to total H column den-
sity of Ny ~ 2.1 x 10*> cm™2 estimated by ‘hidden cooling flow’
model (Fabian et al. 2023).

Similarly, in M87, 4.7 x 10° Mg, molecular gas is detected in
the filament in region 1. This filament has a length of 1.4 kpc and
a width of 63 pc which corresponds to Ny, ~ 8.5 x 10 cm™2.
This filament has an electron density of 80 cm™ from [S 11]
ratios (Boselli et al. 2019). For the assumed geometry, it would
need to have a filling factor of 2.4 x 10~ to match the column
density derived above. These values are consistent with plausi-
ble column density and filling factor ranges derived in Anderson
& Sunyaev (2018). For filaments without molecular gas detec-
tions, the column density upper limit derived using Equation (1)
is Ny, <2.4 x 10 cm™2,

The total molecular gas mass detected in Centaurus is
8.9 x 107 M, (Tamhane et al. 2022). This gas is distributed over
a ~100 arcsec® region, corresponding to an average column den-
sity of Ny, ~ 10?! cm™2. However, most of the molecular gas is
co-spatial with the dust lanes, and no molecular gas is detected
in the region used to extract the filament dimensions (Figure 4)
at the limits of those ALMA observations. Using a molecular gas
upper limit of 0.43 mJy beam™! and Equation (1), we derive an
upper limit on the molecular gas column density in the region of
the extended ionised gas filaments of Ny, < 2.6 x 10?° cm™2.

3.3. Equipartition magnetic field strengths

Several studies have shown that the multiphase filaments
observed in BCGs/BGGs comprise low-entropy X-ray emitting
gas (S1keV), warm molecular gas traced in the near-infrared,
and ionised gas detected in the optical. These components are
not in pressure equilibrium with each other and appear under-
pressured relative to the surrounding ICM/intra-group medium
(IGM) (Jaffe, Bremer, & van der Werf 2001; Oonk et al. 2010;
Olivares et al. 2025). This pressure deficit implies the presence
of additional non-thermal pressure support. Given the narrow
widths and coherence of the filaments, magnetic pressure is often
invoked as a leading candidate to provide this support.
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Figure 7. Equipartition magnetic field profiles of galaxies derived from their pressure
profiles.

We first estimate the equipartition magnetic field strengths
(Beg) in each system by assuming that the magnetic energy den-
sity is comparable to the total thermal energy density of the
surrounding ICM, following

2

2 — (n, + n)kT ~ 1.9n,kT, 2)

8w
where n, and kT are the electron number density and tempera-
ture of the ICM/IGM. We used the temperature, electron density,
and pressure profiles shown in Figure 6. We show B.q profiles for
each galaxy estimated using the above equation in Figure 7 and
show these values for the filaments in Table 2. The equipartition
magnetic field in NGC 5044 changes from ~60 WG in the centre
to ~40 nG at 5 kpc. In M87 it varies between 180 and 100 uG in
the inner 3 kpc region, and for Perseus and Centaurus it varies
between 180-80 wG and 80-60 wG from centre to 50 kpc radius
and 5 kpc radius, respectively.

3.4. Filament width - Pressure relationship

The differences in equipartition magnetic field strengths esti-
mated above are consistent with theoretical expectations. In galaxy
groups such as NGC 5044, the surrounding IGM is 2-5 times
less dense and 3-4 times cooler than the ICM in massive clusters,
resulting in ambient thermal pressures that are lower by a factor
of ~5-20. This reduced external confinement allows filaments to
have larger transverse widths and requires less internal magnetic
pressure for stability. Indeed, we observe filament widths in NGC
5044 ranging from 50-120 pc, approximately twice as wide as fil-
aments in clusters such as Perseus, Centaurus, and M87, where
widths range from 16-60 pc. This suggests that filaments in group
environments are less confined and can maintain coherence with
lower magnetic support, consistent with the lower equipartition
magnetic fields inferred for groups. Within each system, equipar-
tition magnetic field strengths increase by a factor of ~2 in the
inner regions compared to the outskirts.

To quantitatively examine this trend, we illustrate the relation-
ship between the ambient ICM/IGM pressure (P) and filament
width (FWHM) in Figure 8 for NGC 5044 and for the compari-
son cluster sample. We modelled the relation between log FWHM
and log P as a linear function with intrinsic scatter using the
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Figure 8. The relationship between filament width and pressure in galaxies in our sam-
ple. The dark grey line shows the median posterior fit, while the light grey lines show
individual posterior draws.

Bayesian linear regression method of Kelly (2007), as implemented
in linmix.? The fit accounts for measurement uncertainties in
log FWHM and intrinsic scatter. The dark grey line shows the
median posterior fit, while the light grey lines show individual pos-
terior draws, showing the full uncertainty in the slope, intercept,
and intrinsic scatter. The best-fit relation is

log FWHM = ( — 0.40 = 0.09) log P — (229 £0.95),  (3)

with an intrinsic scatter of 0.16 4= 0.03 dex. This result indicates
that filament widths decrease with increasing ICM/IGM pressure.
However, because this analysis requires deep HST narrow-band
imaging that resolves extended ionised filaments at high spatial
resolution, only a small number of nearby cool-core systems cur-
rently provide suitable data. The comparison sample is therefore
limited to these well-studied systems. In addition, M87, in which
the thinnest filaments are observed, is 2-4 times closer than the
other systems, so distance and the resolution power of HST may
play an important role. Broader filaments in more distant systems
could in fact be composed of multiple narrower filaments that
would be resolved if observed at comparable physical resolution.
Projection effects may also contribute, as some of the narrowest fil-
aments could be viewed close to edge-on. Therefore, this trend is
tentative and a larger sample spanning a wider range of pressures
is required to establish this relationship more robustly.

3.5. Magnetic field estimates for dynamic stability

We also estimated the magnetic field strengths required to sta-
bilise filaments against gravitational and tidal forces, following the
framework of Fabian et al. (2008). The magnetic field strengths
required for a horizontal filament supported against vertical col-
lapse by gravity (By) and for support against tidal stretching for
radially oriented filaments (B,) is given by:

By~ /4nX,g and B,~ /47X |gidal> (4)

where g is the local gravitational acceleration, gidqa = (I/R)g is the
tidal acceleration where R is the filament distance from the centre

dhttps://github.com/jmeyers314/linmix.
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of the galaxy, X is the surface density perpendicular to the fila-
ment axis and X =1/d x X is the effective surface density along
the filament, with [ and d denoting the length and thickness of the
filament, respectively (Fabian et al. 2008). Note that the calcula-
tion of B, assumes that filaments are falling when using giga. If
g is used instead, the values of B, will be \/1/7 times larger than
By, which can result in B, values larger by a factor of 10 com-
pared to By. Since B, scales inversely with filament radius, these
estimates emphasise the need for high spatial resolution observa-
tions, such as those provided by the HST, to properly constrain
filament geometry and stability.

These magnetic field estimates are limited by uncertainties on
filament geometry and projection, local pressure, filament column
density and the inner mass profiles. Therefore, if the estimated
magnetic fields differ by less than a factor of ~ 2, the difference
may not be physically significant given the uncertainties.

In Table 2 we show the filament lengths, widths and the derived
magnetic field estimates, where we used gravitational acceleration
profiles derived in Pulido et al. (2018) to estimate g. The By, val-
ues in the inner filaments in NGC 5044 are 42 wG, whereas for
outer filaments they are below 20 wG. The B, values are much
larger at 2100 G for inner filaments and <100 G for outer fil-
aments. Thus, filaments located closer to the galaxy centre, where
gravitational and tidal forces are stronger, appear to require higher
magnetic field strengths, potentially exceeding equipartition, to
prevent disruption and maintain structural integrity.

We perform a similar analysis for M87, Perseus and Centaurus.
Column density values used for these calculations are provided
in Table 2. We used the stellar velocity profile from Oldham &
Auger (2018) to estimate g using g ~ v*/R, where R is the dis-
tance of the filament from the centre in M87. For Perseus, the
values of filament morphology, column density and gravitational
acceleration are taken from Fabian et al. (2008). For Centaurus,
gravitational acceleration values are derived using the relation
g=14x107(r/kpc) % cm s7? taken from Sanders et al.
(2016). All of these values are reported in Table 2. The values of
By, are comparable to the equipartition magnetic field strength in
all galaxies. Whereas B, values exceed B.q by a factor of 2-4 in all
galaxies and lie between 150 and 250 pG.

3.6. Dust

Figure 9 shows the F814W residual map, highlighting dust extinc-
tion features in NGC 5044. Several dusty filaments are visible
within the central 1-2 kpc, including structures very close to the
nucleus. Dust extinction is also visible along the southern filament
indicated by red arrows, in the direction of radio lobes, whereas no
dust is detected in the northern filaments. This asymmetry may
be explained by filament orientation, with the southern filament
located on the near side along the line of sight and the north-
ern filaments lying on the far side. However, dust extinction is
strongest in the inner ~1 kpc region as shown in the right panel of
Figure 10. We estimated the extinction in the F814W band in the
strongest features in the centre using Ag4 = 2.5 Log((F814moq —
abs(F814,.))/F814,04), where F814,,,4 and F814,, are the fluxes
extracted from the model galaxy continuum image and the
residual image, respectively, within the dust absorption regions.
The visual extinction Ay was then derived using the Cardelli,
Clayton, & Mathis (1989) extinction law with Ry = 3.1, yielding
an average Ay = 0.07 £ 0.03.
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Figure 9. HST F814W residual image showing dust in absorption (darker regions have
more negative pixel values, or more dust extinction). The blue contours trace the
radio jet emission with GMRT and magenta contours are the CO(2-1) flux density at
0.17 Jy km s~ in moment 0 maps. The yellow contour shows the 2.50 Ha emission.
The red arrows indicate the faint dust cospatial with the southern filament. Regions
used for extracting Ho filament widths are shown as red boxes as in Figure 2. Regions
9 and 8 are outside the MUSE field of view.

To further constrain the dust properties, we used the Spitzer
70 and 160 pm fluxes reported by Temi et al. (2009) and fit a
modified blackbody spectrum with the mbb_emcee® code, which
employs an affine-invariant Markov Chain Monte Carlo (MCMC)
method. We restricted the allowed parameter ranges to Tqus = 10-
40 K and dust emissivity index g = 1-3. For NGC 5044, this yields
a dust mass of My, = 3.238‘4 x 10° Mg, an 8-1 000 pwm infrared
luminosity of Lig =2.2+0.5 x 10* erg s™!, a dust temperature
Taust = 32.2f¥;3 K, and 8 = 1.7 £ 0.4. This corresponds to a dust-
to-gas mass ratio of 0.00370015, assuming a total molecular gas
mass of 10® M, (Schellenberger et al. 2020).

Performing a similar analysis for NGC 4696 using FIR fluxes
from Spitzer (24, 70 and 160 wm) and Herschel SPIRE (250,
350 and 500 m) retrieved from NED,! we find Mauq = 4.1777 x
10° Mg, Lig = 2.5%03 x 10*? erg s}, Ty = 287153 K, and g =
2.0 & 0.2, corresponding to a dust-to-gas mass ratio of 0.005") 002
for a total molecular gas mass of ~9 x 107 Mg (Tamhane
et al. 2022). However, Mittal et al. (2011) estimated cold dust
(Tquse = 19 K) mass of 1.6 x 10° M, using two-temperature fit to
the IR spectrum. Assuming this dust mass, the dust-to-gas ratio
would increase to 0.018.

¢https://github.com/aconley/mbb_emcee.
fhttps://ned.ipac.caltech.edu/.
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Table 2. The table reports the properties of the filaments. Column (1) lists the regions used to extract the surface brightness profiles shown in
Figures 2 and 3. Columns (2)-(3) give the filament FWHM within each region. Column (4) gives the filament length, (5) the projected distance
from the galaxy centre, and (6) the gravitational acceleration at that distance. Column (7) lists the perpendicular filament column density used to
estimate magnetic fields. Columns (8)-(9) report the equipartition and horizontal magnetic field components, while Columns (10)-(11) give the
radial magnetic field components for filaments in each region estimated using Equation 4.
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(1) () ©)] (4) (5) (6) @) (8) 9) (10) (11)
Region dy d [ R g Ny Beq Bp Bn B
(pc) (pc) (kpc) (kpc) (ems=2) (cm=2) (nG) (nG) (nG) (nG)
NGC 5044
1 41+5 - 3.5 2.7 1.31x1077 <6 x 101° 49 <22 <225 -
2 47+ 16 115430 3.5 3.8 1.02x1077 <6 x 101° 44 <19 <158 <101
3 48+ 12 70410 2.7 43 9.44x1078 <6 x 101° 42 <18 <110 <91
4 79 4 47 105+8 2.1 47 8.80x1078 <6 x 101° 40 <18 <62 <54
5 8142 - 0.8 0.5 2.04x1077 1.5 x 10%° 59 42 158 -
6 107+8 12049 2.4 1.3 2.04x1077 1.5 x 10%° 56 42 279 264
7 120 + 94 - 3.1 2.8 1.30x1077 <6 x 101° 49 <21 <118 -
8 78419 105+ 17 2.8 6 7.56x1078 <6 x 101° 36 <16 <67 <58
9 62+ 14 106 + 29 2.7 5.7 7.81x1078 <6 x 101° 36 <17 <76 <58
M87
1 6342 63+5 1.4 2.9 6.98x1078 8.5x10%° 105 59 194 194
2 2641 39438 1.16 1.9 1.07x1077 <2.4 x 10%° 110 <39 <203 <311
3 16+1 - 0.5 0.25 1.59x1076 <2.4 x 10%° 143 <150 <1184 -
4 3248 - 0.31 1.7 1.49x1077 <2.4 x 10%° 110 <46 <61 -
5 2345 - 0.65 2.6 7.79%x1078 <2.4 x 10%° 112 <33 <88 -
Centaurus
1 61+4 - 1.52 5.8 4.24x1078 <2.6 x 10%° 68 <25 <65 -
2 4545 - 1.3 4.8 4.80x1078 <2.6 x 10%° 69 <27 <76 -
3 6445 - 213 6.7 3.86x1078 <2.6 x 10%° 65 <24 <79 -
4 61+4 6342 1.32 5.0 4,67x1078 <2.6 x 10%° 69 <27 <64 <63
5 5445 - 2.25 3.4 6.14x10~8 <2.6 x 10%° 68 <31 <162 -
6 56+ 2 - 227 42 5.28x1078 <2.6 x 10%° 67 <28 <133 -
7 66+ 10 - 2.25 4.9 4.76x1078 <2.6 x 10%° 69 <27 <107 -
Perseus
1 70 - 6 25 6.35x1078 4x10%° 106 39 175 -

For comparison, in the Perseus cluster, the dust mass is ~ 6 x
107 M, (with Tgu ~ 20 Kand B = 1.3) and the total H 1+H, mass
is ~10'° M, giving a dust-to-gas mass ratio of ~ 0.006 (Salomé
etal. 2011).

These dust-to-gas mass ratios are lower than the typical Milky
Way value of ~0.01 (Draine 2011), but comparable to dust-to-
gas ratios in other similar central galaxies in groups and clusters
(e.g. Edge 2001).

4. Nuclear region OF NGC 5044

Figure 10 shows the nuclear region of NGC 5044 in HST
F665N, MUSE Ha velocity map and F814W residual maps. The
high spatial resolution of the HST resolves the Bondi radius of
~116 pc. To estimate the Bondi radius, we adopt Ry = 2GMpy/ cf
(y ~5/3), where G is the gravitational constant, Mgy is the
mass of the central supermassive black hole, and ¢ is the sound
speed of the ambient gas. Adopting Ry = GMpy/ cs2 would halve
the radius. Diniz et al. (2017) estimated Mgy~ 1.8 x 10° Mg
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from integral field spectroscopy of the nuclear region using the
updated M-o relation. Assuming the gas temperature in the
inner 1 kpc is 0.5 keV, the sound speed is ¢; = \/y kT/um, ~ 365
km s7!, yielding a Bondi radius of 116 pc. The corresponding
Bondi accretion rate given by M = 7pG>M? /¢ is ~ 0.03 Mg, yr!
under the assumption of spherical symmetry and negligible angu-
lar momentum, comparable to the accretion rate of ~0.01 Mg,
yr~! derived by Schellenberger et al. (2024) from spectral energy
distribution (SED) modelling of the nuclear radio source using
a JP model for the pc-scale jet and an Advection-Dominated
Accretion Flow (ADAF) model for the accretion disk. We also esti-
mated the SMBH sphere of influence as GMpy; /0% ~ 153 pc for a
o ~225kms.

We detect an ionised gas core within the Bondi radius, centred
on the SMBH. Its radial intensity profile peaks at the nucleus and
declines roughly as %7 out to ~100 pc as shown in Figure Al
in Appendix A. The lower-resolution MUSE Ha velocity map
shows hints of rotation around the SMBH, which could indicate
a circumnuclear disk similar to those observed in other systems.
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Figure 10. The central region of NGC 5044 is shown in the net Ha+N{[ii] (HST F665N residual), MUSE Ha velocity map and F814W residual map (see Section 2.1 for details) to show
the ionised gas morphology, velocity and dust distribution in the left, middle and right panels, respectively. Bright ionised gas core and an extended filament connecting within
the ionised gas core is visible in the left panel. The dashed cyan circles show the Bondi radius of NGC 5044 (116 pc). The magenta stars show the location of the AGN. The ALMA
CO(2-1) emission contours tracing the cold molecular gas at 0.17 Jy km s™! in moment 0 maps are shown in magenta. The grey curves in the middle and right panels show the
~800 pc long inner filament connecting with the ionised gas core, identified in the He+N[ii] image in the left panel.

The CO line velocity field also looks like rotation, consistent
with the velocity field of ionised gas (Schellenberger et al. 2020).
Although radial inflows or outflows cannot be ruled out. This
compact, dense ionised core appears to be connected to more
extended structures, as revealed by filamentary features extend-
ing hundreds of parsecs from the nucleus. We identify a ~800 pc
long filament connected to the inner core to the northwest, similar
to the swirling filaments observed in Centaurus and M87 (Fabian
et al. 2016; Ford et al. 1994). We also detected ~40-80 pc wide
dust lanes in projection within the core (right panel of Figure 10).
The narrow widths of these structures suggest they are magneti-
cally confined, channeling gas along field lines toward the nucleus
and potentially feeding the central black hole. Similar filamentary
inflows have been observed in the Perseus cluster, where molec-
ular gas filaments are thought to supply the circumnuclear disk
(within ~100 pc) surrounding the SMBH, which may in turn drive
accretion onto the black hole (Oosterloo, Morganti, & Murthy
2024).

Molecular gas clouds have been detected in absorption against
the continuum, with velocities of ~260 km s~ and masses of
6-7x10° Mg, within ~20 pc of the SMBH, well inside the Bondi
radius, suggesting potential accretion (Schellenberger et al. 2020).
However, an accretion efficiency of less than 50% is required to
reconcile the observed energy output (from X-ray cavities, radio
emission, and bolometric AGN luminosity) with this inflow rate,
implying that only a small fraction of the circumnuclear disk mass
reaches the black hole. Similar results have been found in M87,
where analyses of ionised gas filaments around its SMBH reveal
that not all filaments pass close to the black hole (Osorno et al.
2023). Neutral atomic gas has also been detected in absorption
against the continuum in NGC 5044, with velocities correlated
with those of the CO(2-1) absorption lines, although with broader
dispersions (Rajpurohit et al. 2025). This indicates the presence
of neutral atomic phase within the circumnuclear environments,
kinematically linked to the molecular gas, highlighting the multi-
phase nature of the accretion flow onto the SMBH.

The He flux within a 116 pc (0.77”) aperture centred on the
nucleus in the MUSE maps is 4.2 x 107"° erg s™' cm™2, after
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subtracting the contribution from an annular background aper-
ture with r;, =0.8” and ro, =2.3”. This corresponds to an He
luminosity of 4.9 x 10®® erg s™!. The luminosity can also be
expressed as (Osterbrock & Ferland 2006)

Lyo = Y n?fV;
3 1

)

where ¥y ~3 x 1072 erg cm® s7! is the case B recombination
emissivity coefficient at 12 000 K, n, is the electron density,
f is the volume filling factor, and V is the emitting volume.
Using the [S1I] line ratio of 1.37 £ 0.04, we estimate an aver-
age electron density of <70 cm™> within the Bondi-radius aper-
ture, following the updated calibration of (Proxauf et al. 2014).
Assuming spherical geometry and this density, the filling factor
is f 23 x 1073, which implies an ionised gas mass of <2.8 x 10*
Mg, within the Bondi radius. The molecular gas mass estimated
within the same aperture from ALMA CO(2-1) spectral cube gives
Mco ~ 2.8 x 10° Mg, This is the total gas mass along the line of
sight and it is not clear how much of the gas lies within the Bondi
radius. Given that the Ho+[N 11] surface brightness scales approx-
imately as I oc r~1%7 within this region, the corresponding electron
density profile follows 1, oc =197, assuming constant emissivity
coefficient, volume filling factor and He/[N 11] ratio throughout
the Bondi radius. This slope is close to the n, o« %3 inferred by
David et al. (2009) from Chandra observations of hot gas in the
central region. The density profile is shallower than the r~!-* scal-
ing expected from analytic Bondi solution, but comparable to CCA
(Gaspari et al. 2013), more recent gravitational-MHD (GRMHD)
simulations (e.g. Guo et al. 2023; Xu 2023; Cho et al. 2025) and
r~! slope estimated in M87 and M84 from X-ray observations of
hot gas within their Bondi radii (Russell et al. 2015; Bambic et al.
2023).

5. Discussion

5.1. Comparison with simulations and radio measurements

It is useful to compare these inferred values with direct observa-
tional constraints from radio studies. The inferred equipartition
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magnetic field strengths are higher than the ~10-25 uG values
derived in several radio-loud cool-core clusters from Faraday rota-
tion measure (RM) (e.g. Taylor et al. 2001, 2007; Allen et al. 2001;
Feretti et al. 1999). Whereas in galaxy groups, the RM-derived
magnetic field strengths are of the order of a few uG with a mean
of 5 WG (Anderson et al. 2024). More recently, Rajpurohit et al.
(2025) estimated a magnetic field strength of ~2 G in the radio
lobes of NGC 5044 using energy equipartition arguments, which
is an order of magnitude lower than the filament B.,. However,
Faraday RMs are sensitive to the integrated line-of-sight magnetic
field component weighted by the electron density. Since angular
resolution of these observations are often of the order of a few
arcseconds to arcminutes, corresponding to kiloparsec or larger
scales, the magnetic field strength derived from RM tends to reflect
larger-scale, volume-averaged fields, not necessarily the strongest
fields within the thin filaments which may not be aligned along
the line-of-sight and are not volume filling. Polarised radio obser-
vations with high sensitivity and high-resolution with beam sizes
matching the widths of filaments may be required to probe the

magnetic field strengths in these structures.

On the other hand, recent MHD and GRMHD simulations pre-
dict field strengths of ~10? nG in cold (T < 10* K) filaments, with
field lines preferentially aligned along the filament major axis in
magnetically supported structures (e.g. Fournier et al. 2024; Guo
et al. 2024). These values are consistent with the radial magnetic
field strengths (B,) inferred for the filaments in our sample. If in
reality such high levels of magnetic fields exist in filaments, they
can be explained by flux freezing and magnetic draping. For exam-
ple, if the filaments condense from uplifted low-entropy gas, as
appears to occur in these systems, flux freezing during cooling nat-
urally amplifies the magnetic field in the denser cold phase. For
example, a low-entropy (T < 0.5 keV) filament of width wy =
200 pc and B, hot & 10 WG compressed into a cold filament of

width weolq = 60 pc would, under flux freezing, reach

Whot

2
Br, cold ~ Br,hot < ) ~ 111 }LG,

Weold

comparable to the values in Table 2. This assumes ideal MHD
and conservation of magnetic flux perpendicular to the filament
length. This simple scaling illustrates that even moderate geomet-
ric compression of an initially modest magnetic field can produce
the ~10? nG fields inferred in the cold phase, providing sufficient
magnetic pressure to contribute significantly to filament stability

and confinement.

If ambipolar diffusion is sufficiently slow, the molecular,
atomic, and ionised components can be linked to each other via
magnetic fields (e.g. Fabian et al. 2008). In that case, the measured
could be consis-
tent with Alfvénic turbulence, where roughly half of the internal
pressure is kinetic and half magnetic, providing modest internal
support within the filament. Recent X-ray spectroscopic observa-
tions with XRISM have measured line-of-sight turbulent velocities
of Viurp, ~ 150 km s~! in the ICM (Hitomi Collaboration et al.
2016; XRISM Collaboration et al. 2026, 2025, 2026), which corre-
sponds to 3D turbulent velocity dispersion of o ~ 260 km s
For typical cluster core densities of 1, ~ 0.1 cm™® (correspond-
ing to p ~ |L.m,n,, where .~ 1.2) and magnetic field strengths

internal velocity dispersions of ~100 km s~

of B~ 10 LG, the corresponding Alfvén speed (v,) is
B
Vg=—— ~63kms!
4 JAarp
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Figure 11. Alfvén Mach number (M,) as a function of magnetic field strength (B) in
the IGM/ICM. Blue and orange shaded regions represent typical cluster and group
environments, respectively. The M, ranges are derived assuming electron densities
of ne =0.02-0.1 cm~3 for clusters and n, = 0.001-0.02 cm~2 for groups, and turbulent
velocity dispersions of vy, = 120-300 km s~ for clusters and vy, = 80-140 km s~* for
groups. Alfvén Mach numbers estimated for galaxies in our sample are shown as solid
symbols when computed using B.q, and as open symbols when estimated using large-
scale magnetic field strengths inferred from radio observations. The black horizontal
dotted line at M, = 1 shows the separation between sub-Alfvénic and super-Alfvénic
turbulence regimes.

yielding an Alfvénic Mach number of

[of
MA _ turb ~ 4. (8)
VA

This places ICM turbulence in the super-Alfvénic regime. For
lower ambient magnetic field strengths or higher densities, the
flow remains super-Alfvénic. In group environments, where den-
sities are 10 times lower and 1D turbulent velocities are lower
(Vturb ~ 110 km s™'; Sanders, Fabian, & Smith 2011; Ogorzalek
et al. 2017), the Alfvénic Mach number is ~2 for B~ 5 pnG.
We illustrate this dependence in Figure 11, which shows how
M, varies with magnetic field strength for both group and clus-
ter like hot gas densities and turbulent velocity dispersions. At
B < 3 uG, turbulence is clearly super-Alfvénic even in less dense
environments, implying that turbulent motions can distort mag-
netic structures unless the field is significantly amplified.

These conditions have important implications for the struc-
ture and survival of cold filaments. In the trans- or super-Alfvénic
regime, turbulent magnetic fluctuations are no longer negligible
compared to the ordered field, potentially disrupting the stabil-
ity of magnetically supported filaments. However, in the wakes of
AGN-inflated cavities or around the rims of cavities where field
lines are stretched and draped around the bubble surface, the local
magnetic field can be amplified by factors of 2-3 (e.g. Lyutikov
2006; Dursi & Pfrommer 2008). If the ambient M, is near unity
(as shown in Figure 11), such draping can make the local flow
sub-Alfvénic, enhancing magnetic tension and insulating cold gas
against conduction and shear. In such a regime, turbulent mag-
netic fluctuations are energetically subdominant compared to the
large-scale field, consistent with the coherent, largely radial mag-
netic fields inferred in cold filaments (e.g. Beattie et al. 2022).
Therefore, flux freezing and compression along these coherent
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fields can plausibly amplify the filament magnetic field to the
~10% WG levels, while turbulence plays only a minor role in
disrupting the field geometry. Conversely, in more weakly mag-
netised, high-density or high turbulence environments, where the
ambient M, > 1, even draping may be insufficient to stabilise
the filaments, leading to rapid disruption unless other processes
(e.g. rapid cooling or clumping) intervene. This framework natu-
rally explains the prevalence of long, coherent filaments in cavity
wakes, while cold gas in other environments may be short-lived or
appear fragmented.

We note that existing RM observations generally indicate
smaller large-scale magnetic fields. However, Very Long Baseline
Array (VLBA) observations of the Perseus cluster reported a line-
of-sight field Bj ~ 4 G, assuming the RM arises from ionised gas
filaments with a path length of 10 pc (Taylor et al. 2006). If the
path length is shorter, of order 1 pc (e.g. if the ionised gas has a
small volume filling factor), the inferred B) increases to ~50 uG,
and depending on the filament orientation, the radial magnetic
field could reach ~100 wG. Given the uncertainties in our radial
field strength estimates (e.g. pressure profiles, projection effects,
column densities), differences of less than a factor of ~2 may
not be physically significant, and recent MHD simulations predict
median field strengths of 80-100 wG in cold clumps within fila-
ments (e.g. Fournier et al. 2024). Thus, the observed values may be
broadly consistent if path lengths are short, though field strengths
significantly above ~100 wG remain difficult to reconcile with
observations.

5.2, Non-thermal pressure support in filaments

Other non-thermal processes such as turbulence and cosmic rays
can also provide the internal pressure support for filaments.
Following Olivares et al. (2025), the turbulent pressure can be
approximated as Py, = %povz, where o, is the 3D turbulent
velocity dispersion and p is the gas density. For typical clus-
ter filament electron densities of n, ~60 cm™, volume filling
factor of 0.005 and turbulent velocities of ~100 km s™' in fila-
ments (e.g. Olivares et al. 2022), the turbulent pressure is Py,
~2.3 x 107" dyne cm ™2, which would reduce the required mag-
netic field strength by ~24 nG. In group environments with a
density of 10 cm™ and similar covering fraction, Py ~ 1.2 x
107" dyne cm™2, corresponding to ~17 uG, implying turbulence
can provide ~25-30% non-thermal support in groups and clus-
ters. Cosmic rays may also contribute additional pressure support
(e.g. Beckmann et al. 2022). Thus, while magnetic fields can in
principle provide both pressure support and structural cohesion,
the very large field strengths are difficult to reconcile with the rela-
tively modest Faraday rotation measures and faint radio emission
associated with most filaments. Therefore, turbulence and cosmic
rays can provide complementary or even dominant non-thermal
support.

At the same time, purely hydrodynamic simulations demon-
strate that the formation of multiphase gas does not require
magnetic fields. For example, Li & Bryan (2014), Qiu et al. (2019)
showed that thermal instability triggered by uplift can lead to
condensation of cold gas from the hot ICM, while CCA sim-
ulations predict that turbulence alone can compress gas at the
interfaces of eddies, naturally forming extended filamentary struc-
tures (Gaspari et al. 2017). These hydro simulations tend to
produce clumpier, more sheet-like cold structures, while MHD
simulations (e.g. Ehlert et al. 2023; Fournier et al. 2024) show that
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magnetic fields can collimate and stabilise the filaments, yielding
the long, coherent morphologies observed. Thus, condensation-
driven models and magnetic stabilisation are complementary,
where turbulence and uplift promote the formation of cold gas,
while magnetic fields determine its longevity and morphology
which may not require such strong magnetic fields.

5.3. Star formation and magnetic field strengths

To assess whether the filaments are gravitationally unstable, we
compare their surface density to the magnetic critical value. The
critical surface density for gravitational instability is given by

McKee et al. (1993) as
b B 0.062 < B ) —2 9)
= =0. P cm” e,
21vG 100G/ 8

where G is the gravitational constant. Using ¥ =pum,N with
W~ 1, this corresponds to column densities of approximately
0.4-1.5x 10* cm™ in NGC 5044 and 1-3.5x 10* cm™? in
galaxy clusters for B.q. These values exceed the observed column
densities in these systems by almost two orders of magnitude
suggesting that the filaments are gravitationally stable. However,
some dense clumps of molecular gas can reach densities of 10%!-
10%? cm™? since these column densities are required to excite CO
molecules, comparable to the critical density, yet star formation in
filaments is quenched.

The right panel of Figure 1 shows that no blue star clus-
ters are detected, indicating an absence of recent star formation.
The F300X-F814W colour-magnitude diagram for point sources
detected on F300X image with 0.5” diameter aperture shows no
evidence of blue sources. A comparison of the 30 magnitude
limits in F300X (22.83 mag) and F814W (22.52 mag) with pre-
dictions from Starburst99 models (Leitherer et al. 1999) places an
upper limit on the recent (<107 yr) star formation rate (SFR) of
<1073 Mg yr~!. A similar lack of star formation is observed in
the filaments of M87 (Tamhane et al. 2025) and the Centaurus
cluster (e.g. Fabian et al. 2024). By contrast, star formation has
been detected in some of the filaments in Perseus (Canning et al.
2014), showing that under certain conditions stars can form in
these structures. Fabian et al. (2008) argued that collapse can occur
if the molecular mass is concentrated in a very small thickness
(~0.1 pc). Alternatively, jets can directly compress the filaments.
Indeed, in most BCGs with filamentary FUV continuum emis-
sion, the star formation appears to be associated with the radio jets
(Crockett et al. 2012; Canning et al. 2013; Tremblay et al. 2015;
Tamhane et al. 2023). Even in Perseus, there are indications that
past jet orientations may have intersected the star-forming fila-
ments (Canning et al. 2010). Simulations also predict that in the
presence of jets, star formation efficiency is enhanced (e.g. Ehlert
et al. 2023). Overall, these findings are consistent with the broader
picture of suppressed star formation in BCGs, despite their large
molecular gas reservoirs, much of which resides in filamentary
structures (Tamhane et al. 2022), perhaps due to enhanced mag-
netic fields stabilising the filaments, turbulence and the lack of
external pressure.

5.4. Multiphase structure and molecular gas survival in
filaments

Filaments are unlikely to be monolithic structures but instead
may consist of a mist of small, dense cloudlets embedded within
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a more diffuse phase. Simulations suggest that thermal instabili-
ties fragment cooling gas into sub-pc to tens-of-pc sized clumps
with very low volume filling factors (e.g. McCourt et al. 2018;
Fournier et al. 2024). Such a multiphase internal structure nat-
urally explains the mismatch between density estimates from
different tracers. Absorption against compact continuum sources
is sensitive to rare, high-density clumps, while emission mea-
surements average over a much larger area and preferentially
probe the more diffuse component. This picture is supported by
absorption measurements of Rose et al. (2023), which reveal sig-
nificantly higher column densities than inferred from emission,
indicating that molecular gas is confined to small, dense structures.
Schellenberger et al. (2020) similarly report ~ 10 times higher col-
umn densities for absorbing clouds in NGC 5044 when the cloud
sizes and covering fractions are taken into account. The clumpi-
ness of the medium therefore provides a consistent picture in
which most of the cold mass may reside in small, dense pock-
ets coherently held together by magnetic fields while the bulk
of the filamentary volume is filled by lower-density atomic and
ionised gas.

5.4.1. The role of ambient pressure

The absence of strong CO in the NGC 5044 filaments can be
explained in terms of pressure regulation of cold gas forma-
tion and the fragility of H I in feedback-dominated atmospheres.
Recent studies show that molecular content correlates strongly
with pressure. Babyk et al. (2023) find that the molecular gas mass
scales steeply with hydrostatic pressure (Mo < P1¥) and that the
H,/H I ratio rises with pressure, consistent with rapid conversion
of H 1 to H, in dense, high-pressure environments. In this frame-
work, group filaments outside the central 1-2 kpc region may be
unable to accumulate the H I reservoirs needed to form and shield
large molecular clouds, leading instead to predominantly ionised
or atomic gas with only sporadic molecular clumps, whereas the
higher external pressure in clusters can stabilise and rapidly grow
extended molecular cloud formation.

AGN feedback further limits neutral gas survival. Simulations
show that AGN feedback efficiently destroys neutral hydrogen,
reducing the H I mass in halos by ~50% (Villaescusa-Navarro
et al. 2016), making it more difficult to reach the column densi-
ties required for effective shielding against dissociation in groups.
For comparison, in galactic disks, N1~ 10*! cm™ is typically
required to shield H, (Krumholz, McKee, & Tumlinson 2009).
Dense molecular clumps that do form may dynamically decouple
from the diffuse filamentary gas through turbulent mixing or
ambipolar diffusion. In groups, such clumps are likely tran-
sient and may move ballistically, consistent with the weak spatial
correlation between molecular gas and extended ionised filaments
observed outside the central regions of NGC 5044. In clusters,
by contrast, higher external pressures allow molecular clumps to
remain closer to pressure balance, enabling longer survival and
closer association with ionised filaments. Observations of massive
ellipticals further support this scenario, where non-central galax-
ies host only compact cold gas reservoirs, while central galaxies
with higher atmospheric pressures and lower cooling times host
extended multiphase halos (Temi et al. 2022). Moreover, recent
MHD simulations also find that in low-pressure halos, cooling is
centrally concentrated, but in high pressure systems with stronger
magnetic fields, cold gas is more extended (Grete et al. 2025;
Prasad et al. 2026).
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5.4.2. The role of dust and local conditions

While pressure is an important regulator, it is not sufficient
on its own. Even in high-pressure cluster environments such as
Centaurus, M87 and Perseus, CO emission is detected only in
a subset of the ionised filaments, indicating that additional local
factors control molecular gas survival. Dust plays a critical role in
H, formation. Filaments formed from uplifted, dust-rich interstel-
lar medium (ISM) or preserved in younger, well-shielded struc-
tures are therefore more likely to host detectable molecular gas,
whereas filaments formed predominantly through in-situ cooling
of the dust-poor ICM are expected to be CO-faint despite being
visible in Ha. Indeed, observations suggest that intermittent AGN
outbursts can transport dust from galaxy centres to tens of kilo-
parsecs via buoyant outflows (e.g. Temi, Brighenti, & Mathews
2007). Filaments are therefore likely to form from a combination
of uplifted central gas and material that is freshly infalling or cool-
ing from the ambient medium, which is expected to be relatively
dust-poor. At the same time, dust exposed to the hot atmosphere
can be efficiently sputtered, while AGN-driven turbulence and
shocks may further disrupt grains, leading to an overall lower dust-
to-gas ratio in these systems compared to ~10~ dust-to-gas ratios
typical of star-forming disk galaxies.

Nevertheless, observational evidence supports a close asso-
ciation between dust and molecular gas. Molecular clouds are
spatially coincident with dust in the brightest group galaxies NGC
4636 and NGC 5846 (Temi et al. 2018), and in cluster filaments
such as Perseus (Salomé et al. 2008), Abell 1795 (Tamhane et al.
2023), and Centaurus (Olivares et al. 2019). In NGC 1316, regions
with Hy/H I > 1 coincide with dust visible in HST imaging, while
H 1-dominated regions lack visible dust and have lower column
densities (Maccagni et al. 2021). Simulations further show that
dust can survive or form in situ within multiphase outflows under
favourable conditions (Qiu et al. 2020; Chen & Oh 2024). Magnetic
fields may further help prolong grain lifetimes, with recent MHD
simulations showing that charged grains can couple to field lines,
promoting magnetic draping around cool clumps and increasing
the surviving dust mass by more than a factor of two compared to a
non-magnetised ISM (e.g. Kirchschlager, Mattsson, & Gent 2024).
These simulations suggest that variations in the local Alfvénic
Mach number, such as those expected between group and cluster
environments (see Figure 11), alter the magnetic coupling of dust
and change the efficiency of clustering and destruction. However,
dust survival depends sensitively on time spent in the hot phase
and declines with decreasing pressure and magnetic field strength,
naturally producing lower dust-to-gas ratios at larger radii (Farber
& Gronke 2022; Richie et al. 2024).

Together, these results suggest that molecular gas survival in fil-
aments is regulated by a combination of ambient pressure, turbu-
lence, dust availability, magnetic support, and filament age. High
pressure promotes gas retention, but dust determines where H,
and CO can form. This framework explains the lack of molecular
gas detection in some cluster filaments and the scarcity of extended
molecular gas in groups such as NGC 5044, while remaining con-
sistent with compact molecular reservoirs in galaxy centres. If
magnetic fields are systematically stronger in cluster cores than in
group environments, enhanced grain-field coupling and magnetic
confinement could prolong dust survival and help maintain cold,
dusty clumps embedded within ionised filaments, thereby con-
tributing to both the larger radial extent of molecular gas and its
closer spatial association with the warm phase in clusters.
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6. Summary and conclusion

We have presented new HST imaging of the ionised filaments
in the brightest group galaxy NGC 5044 and compared their
properties to filaments observed in cluster environments of M87,
Centaurus and Perseus clusters. This is the first high-resolution
view of filamentary structures in a galaxy group, allowing us to
probe their widths, column densities, and stability. Our main

conclusions are:

e The filaments in NGC 5044 extend several kiloparsecs
from the centre and some of them remain coherent. Their
widths span ~50-120 pc, with some strands as narrow as
those in clusters (~50 pc) but others significantly broader.
This is consistent with the lower ambient pressure of
the group environment, which allows filaments to be less
tightly confined. We find that the filament width roughly

scales with ambient pressure as FWHM o< P04,

e Equipartition magnetic fields in filaments in NGC 5044
decline from ~40 G at the centre to ~20 nG at 5 kpc,
about 2-3 times lower than in cluster cores. Independent
estimates from dynamical stability arguments against
tidal forces imply much stronger radial fields of order
B, ~10? nG close to the centre, declining outward for
dense gas component and likely lower for more diffuse
components. These values are consistent with magnetic
field strengths seen in recent MHD simulations of con-
densing gas, and can be explained by flux freezing in
uplifted material and field draping around AGN-driven
cavities. However, such high values may be difficult to
reconcile with the relatively low fields inferred from RM,
while turbulence and cosmic rays can provide complemen-

tary support.

e In both groups and clusters, the average filament sur-
face densities lie well below the magnetic critical thresh-
old, implying that filaments are gravitationally stable.
Ultraviolet imaging shows no evidence of young stellar
clusters with SFR upper limit of <107 Mg yr~!, con-
firming suppressed star formation consistent with largely
suppressed star formation in filaments across groups and
clusters. Occasional star formation events may occur, for
example, in regions compressed by jet-gas interactions.

e Extinction and infrared measurements in NGC 5044
(Ay ~0.07), imply a dust mass of Mgy = 3.238'4
x 10° Mg and a dust-to-gas ratio of 0.0037)005. A simi-
lar analysis for NGC 4696 gives Mgy = 4.1137 x 10° Mg,

and a dust-to-gas ratio of 0.0051.002.

e The nuclear ionised gas within the Bondi radius exhibits
a steeply declining Ha surface brightness (oc r~197) and a
low filling factor (f > 3 x 1072), implying an electron den-

and an ionised gas mass of <2.8 x

10* Mg. This dense core is connected to extended, mag-

netically confined filaments that may channel gas toward

sity profile n, oc r~ 197

the SMBH.

o Filaments are multiphase structures, consisting of cold gas
embedded in diffuse atomic and ionised material, with
molecular cloudlets present in some cases. Their survival
is regulated by ambient pressure, dust shielding, and mag-
netic support. In low-pressure groups such as NGC 5044,
weaker confinement, reduced magnetic shielding, and
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turbulent dispersal make molecular clumps rare, whereas
in higher-pressure cluster cores, stronger pressure and bet-
ter dust preservation allow molecular structures to persist
and remain broadly co-spatial with the ionised filaments.

Overall, our results demonstrate that the filaments in galaxy
groups share the same physical origin and stabilising mechanisms
as those in clusters. Magnetic fields and AGN feedback act together
to maintain filamentary structures and suppress star formation,
even in systems with substantial molecular gas reservoirs. The
observed contrast between group and cluster filaments is naturally
explained if filament morphology is tied to ambient pressure and
dust survival: groups, with lower thermal pressure, should host
broader, more weakly confined structures, while the higher pres-
sures in clusters favour narrower strands. This framework leads to
a clear, testable prediction for future observations and simulations:

(i) on average, filaments in higher-pressure cluster cores
should be narrower than in groups,

(ii) if magnetic tension provides the dominant confinement,
filament-coincident RM structures should be detectable at
<0.1 kpc resolution, aligned with He ridges, and

(i) group filaments should be dominated by diffuse
ionised/H I gas with only sporadic molecular clumps,
whereas cluster filaments should show stronger
co-spatiality of molecular and ionised phases.

Extending the multiphase feedback paradigm to group
environments therefore highlights both the universality of these
processes and the opportunity to probe their signatures across the
halo mass spectrum.
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Appendix A. F665N radial intensity profile

We removed the diffuse galactic emission from the F665N image
using iterative isophotal fitting with Photutils, following the
example notebooks.® The fitting procedure returns an isophot

8https://github.com/astropy/photutils-datasets/tree/main/notebooks/isophote.
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Figure Al. The radial intensity profile of the HST F665N image is shown in blue, with
the Sérsic model fit to the galaxy continuum in orange, characterised by re = 2.28 kpc
and n=1.609. The plot shows the excess emission within the Bondi radius (dashed
grey line), associated with the ionised gas core. The fit to the radial intensity profile

inside the Bondi radius is shown as a dotted black line.

object containing the radial intensity profile and isophote shape
parameters. In Figure A1, we present the derived radial intensity
profile of NGC 5044 in the HST F665N filter. The galaxy contin-
uum and the central core component are clearly distinguishable.
To highlight this separation, we fitted a one-dimensional Sérsic
model to the continuum profile, obtaining best-fit parameters of
tefr = 2.28 kpc and n = 1.609. We also fitted the core with a pow-
erlaw model of the form I(r) o« r*, finding @ = —1.07. Small dips

and wiggles in the core profile are likely due to dust absorption.
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