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A B S T R A C T 

We present new ALMA CO(2-1) observations tracing 2 . 2 × 10 

10 M � of molecular gas in Abell 2390’s brightest cluster galaxy, 
where half the gas is located in a one-sided plume extending 15 kpc out from the galaxy centre. This molecular gas has a smooth 

and positiv e v elocity gradient, and is receding 250 km s −1 f aster at its f arthest point than at the galaxy centre. To constrain the 
plume’s origin, we analyse our new observations alongside existing X-ray, optical, and radio data. We consider the possibility 

that the plume is a jet-driven outflow with lifting aided by jet-inflated X-ray bubbles, is a trail of gas stripped from the main 

galaxy by ram pressure, or is formed of more recently cooled and infalling gas. The galaxy’s star formation and gas cooling rate 
suggest the lifespan of its molecular gas may be low compared with the plume’s age – which would fa v our a recently cooled 

plume. Molecular gas in close proximity to the active galactic nucleus is also indicated by 250 km s −1 wide CO(2-1) absorption 

against the radio core, as well as previously detected CO(1-0) and H I absorption. This absorption is optically thick and has a 
line-of-sight velocity towards the galaxy centre of 200 km s −1 . We discuss simple models to explain its origin. 
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 I N T RO D U C T I O N  

any galaxies throughout the Universe lie in gravitationally bound 
roups or clusters, with a particularly large galaxy at their centre. 
hese massive ellipticals can have a significant effect on the evolution 
f other cluster members and the intracluster medium (McNamara & 

ulsen 2007 ; Hlavacek-Larrondo et al. 2013 ; Calzadilla et al. 2022 ).
n particular, the cooling of a cluster’s hot X-ray-emitting atmosphere 
an lead to the formation of molecular gas. This may then go on to star
ormation, or fuel the active galactic nucleus (AGN) and ultimately 
ead to the ejection of powerful radio jets and lobes. These inject
uge amounts of energy into the cluster, stifling subsequent cooling 
f the hot atmosphere and ultimately cutting off star formation in a
uelling and feedback loop (McNamara & Nulsen 2012 ). 

Abell 2390 is a rich, X-ray-luminous galaxy cluster at a redshift of
 = 0.23 and with a cooling rate of 200 –300 M �yr −1 (Allen, Ettori &
abian 2001 ). Its brightest cluster galaxy, which we focus on in this
aper, is spatially coincident with an array of bright optical emission
ines which extend to 25 kpc on one side (Hutchings & Balogh 2000 ;
lcorn et al. 2023 ). On the opposite side of the radio core, optical

mission lines are only detected up to around 5 kpc. 
Radio emission from Abell 2390’s brightest cluster galaxy is 

ominated by the complex and energetic radio source B2151 + 141. 
 E-mail: thomas.rose@uwaterloo.ca 
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2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
igh angular resolution observ ations sho w it to have young compact
ets and a self-absorbed spectrum in the sub-mm, with half the flux
oming from synchrotron emission and half from dust at 850 μm
Edge et al. 1999 ; Augusto, Edge & Chandler 2006 ). On larger scales,
vidence of much older radio activity is indicated by X-ray cavities in
he cluster’s hot atmosphere, as well as 300–600 kpc wide radio lobes
Savini et al. 2019 ). These two epochs of radio activity are orthogonal
nd likely separated by Gyr time-scales, leading to speculation of an
ntermediate period of radio activity from a precessing continuum 

ource (Alcorn et al. 2023 ). 
During its current epoch of radio activity, Abell 2390’s radio 

ontinuum source has shown limited variability. Rose et al. ( 2022 )
resent 15 GHz data from the Owens Valley Radio Observatory 
OVRO) from a timespan of almost a decade. They observe the
ontinuum source with an average interval of 8 d and show a constant
ux density dating back to at least 2013 February. Ho we ver, although

he light curve is flat o v er this long period, there is peak-to-trough
ariability of around 20 per cent in excess of the level expected due
o noise. Using less frequent observations from the Korean VLBI 
etwork (KVN), Rose et al. ( 2022 ) also show that the continuum

ource is constant at 22 GHz. Comparison of the OVRO and KVN
ata with 353 GHz observations from the SCUBA-2 instrument of the
ames Clerk Maxwell Telescope shows a consistent spectral index 
f approximately −0.5. 
In this paper we present new observations of the molecular 

as in Abell 2390’s brightest cluster galaxy, and discuss them in
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. The ALMA and MUSE observations presented in this paper. 

Instrument Line Field of view Int. time Obs. date Project Chan. width Beam size Cont. flux Cont. sens. 
(s) (yyyy-mm-dd) (arcsec) (mJy) (mJy beam 

−1 ) 

ALMA CO(1-0) 59 arcsec 8014 2018-01-07 2017.1.00629 3.1 km s −1 0.71 × 0.57 19.8 @ 98.3 GHz 0.011 
ALMA CO(2-1) 30 arcsec 4838 2022-05-20 2021.1.00766 1.0 km s −1 0.59 × 0.56 11.0 @ 192 GHz 0.029 
MUSE H α 1.0 arcmin 7200 2014-09-22 094.A-0115 0.15 nm 0.83 × 0.83 – –
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he context of pre-existing optical, X-ray, and low-frequency radio
bserv ations. Our ne w data re veal 2 . 2 × 10 10 M � of molecular gas.
alf of this gas is in a heavily one-sided plume which has similar
ynamics to the ionized gas seen with optical emission lines. We
onsider its potential origins, which include an outflowing plume
ormed as a result of the AGN’s historical radio activity, and
 plume formed following a gravitational disturbance within the
luster. 

Throughout the rest of this paper we use ‘Abell 2390’ in reference
he brightest cluster galaxy of the Abell 2390 cluster, unless explicitly

entioned. With observations of stellar absorption lines from the
isible Multi-Object Spectrograph, the redshift of the galaxy is

ound to be 0.2304 ± 0.0001, giving a recession velocity of
9 074 ± 30 km s −1 (Hamer et al. 2016 ). The galaxy is located at
A 21:53:36.5; Dec. + 17:41:45.0. We assume Lambda cold dark
atter cosmology with �M 

= 0 . 3 and �� 

= 0.7, and a Hubble
onstant of H 0 = 70 km s −1 Mpc −1 . 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

.1 ALMA 

e present detections of molecular gas in Abell 2390 from two
if ferent ALMA observ ations, details of which are gi ven in Table 1 .
hese offer a significant impro v ement upon the marginal single
ish detection of CO(1-0) emission made by Edge ( 2001 ). Our
LMA observation of CO(1-0) emission was taken for project
017.1.00629.S (PI: A. C. Edge) and CO(2-1) emission was observed
or project 2021.1.00766.S (PI: T. Rose). The CO(1-0) observation
as previously been shown in Rose et al. ( 2019b ), where molecular
bsorption against the galaxy’s radio core was discussed, and in
ose et al. ( 2023 ), where intensity , velocity , and velocity dispersion
aps are shown. We present ALMA’s CO(2-1) observations here for

he first time, and these offer a significantly impro v ed view of the
olecular gas o v er ALMA’s CO(1-0) observations. 
Both ALMA observations were processed with CASA version

.4.0.16, a software package produced and maintained by the
ational Radio Astronomy Observatory (NRAO) (McMullin et al.
007 ). Self-calibrated measurement sets were provided upon request
o The European ALMA Regional Centre, so minimal processing was
equired to produce our data cubes. From the measurement sets pro-
ided, we made continuum-subtracted images using the CASA tasks
clean and uvcontsub and a continuum model of polynomial
rder 1. In tclean , we have used a hogbom deconvolver. We also
pply a primary beam correction, use natural weighting, and produce
mages with the narrowest possible channel width. 

.2 Multi Unit Spectroscopic Explorer 

e present optical observations of Abell 2390 from the Multi Unit
pectroscopic Explorer (MUSE), details of which are given in Table 1
project 094.A-0115, P.I.: J. Richard). We use pre-processed data
ubes freely available from the ESO Science Archive Facility. 
NRAS 528, 3441–3455 (2024) 
.3 Hubble Space Telescope 

ubble Space Telescope ( HST ) WFPC2 F 555 W optical imaging of
bell 2390 was first presented by Hutchings & Balogh ( 2000 ). In
ur analysis, we use a pre-processed image freely available from the
ubble Le gac y Archiv e (PropID: 7570). 

.4 Chandra X-ray 

e use Chandra X-ray observations of Abell 2390 which have pre-
iously been presented in Allen, Ettori & Fabian ( 2001 ), Sonkamble
t al. ( 2015 ), and Shin, Woo & Mulchaey ( 2016 ). The observations
ate from 1999 No v ember 5, 2000 October 8, and 2003 September
1 and are publicly available from the Chandr a archiv e. The three
ndi vidual observ ations range between 0.5 and 7.0 keV, with a
ombined exposure time of 110 ks. We repeat the analysis here while
onsidering our new observations of the brightest cluster galaxy’s
olecular gas. The data were reprocessed using CIAO version 4.5

nd CALDB version 4.6.7. We performed charge transfer inefficiency
nd time-dependent gain corrections on the level 1 event files.
ubsequently, we filtered out photons with bad grades. Flare-affected
eriods were identified and remo v ed using the lc clean script. We
ask bright pixels to remove contamination from point sources in

he final image. At distances from the peak flux of between 0.8 and
.4 arcmin, we mask pixel values over 5, as well as pixel values above
 at distances greater than 2.4 arcmin. 

 M O L E C U L A R  G A S  PROPERTIES  

n Fig. 1 , we show intensity , velocity , and velocity dispersion maps
moments 0, 1, and 2) produced from ALMA’s CO(2-1) observations
f Abell 2390. We also reproduce the HST image first presented by
utchings & Balogh ( 2000 ) to show how the spatial distribution of
olecular and optical emission compare. We do not show intensity,
 elocity, and v elocity dispersion maps made with the CO(1-0) data
ecause the line is significantly weaker than the CO(2-1), but they
an be seen in Rose et al. ( 2023 ). 

Abell 2390’s molecular emission appears to have two main
omponents. The brightest is spheroidal and centred slightly to the
orth-west of the galaxy’s radio core. This component does not
ppear to be spatially resolved in either CO(1-0) or CO(2-1). To
he south-east of the central component, minimal CO(2-1) is visible.

eak CO(1-0) may be present, but we are unable to confidently state
his as a true detection, rather than simply being noise. Ho we ver, on
he same side as the bright spheroidal component of emission is a
5 kpc long lane of molecular gas. This is spatially coincident with
he emission seen in the F 555 W image from HST (Edge et al. 1999 )
nd has a smooth velocity change from close to zero at the radio
ore, to around 250 km s −1 at the farthest point. It is also spatially
oincident with an H α plume shown by Hutchings & Balogh ( 2000 ),
amer et al. ( 2016 ), and Alcorn et al. ( 2023 ), which we also discuss

ater in Section 4.1 . 
In Fig. 2 we also show spatial variation in the ratio of CO(1-

) and CO(2-1) integrated flux densities. The CO(1-0)/CO(2-1)
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Figure 1. A WFPC2 F 555 W HST image of Abell 2390, alongside moments maps made from its CO(2-1) emission. The blue contour on the optical HST image 
shows the 5 σ outline of the molecular emission. The red contour shows the 5 σ outline of H α emission from MUSE observations, which we discuss later in 
Section 4.1 . The asymmetry and scale of the molecular emission rule out ordered galaxy rotation as an explanation for the dynamics of the large-scale molecular 
emission. The velocity is centred on stellar absorption lines of the core (Hamer et al. 2016 ). The yellow star indicates the location of the radio continuum point 
source. The CO(2-1) intensity map has a noise level of 0.04 Jy beam 

−1 km s −1 . 
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atio is heavily dependent on the density of the gas, with lower
atios implying colder, denser gas (Pe ̃ naloza et al. 2017 ). This has
reviously been done for man y massiv e galaxies (e.g. Edge 2001 ;
alom ́e & Combes 2003 ), but ALMA no w allo ws us to achie ve some
egree of spatial resolution in Abell 2390. There is some indication 
hat this ratio increases towards the farthest point of the plume. This
mplies less collisional excitation of the molecular gas and therefore 
 lower density. Radiation from AGNs may also affect the excitation 
onditions in some instances (Ivison et al. 2012 ). 

.1 Velocity structure of the molecular gas 

ig. 1 rev eals v ery clear velocity structure in Abell 2390’s molecular
as. Aside from the dense gas close to the radio core, to the north-
est (top-right) there is the plume with a velocity increasing linearly 

rom approximately 0 to 250 km s −1 o v er a distance of 15 kpc. All
f the velocity structure is along the major axis of this plume, with
ery little change seen across its 5 kpc width. As we discuss later,
his velocity structure is similar to that seen in optical emission lines,
hough is less extended (Hutchings & Balogh 2000 ; Alcorn et al.
023 ). 
b
In Fig. 3 we show a position-velocity diagram made along the
ajor axis of the plume. On the right, we also show a position-

elocity diagram in which we isolate the plume of molecular gas
rom what appears to be a separate component centred close to the
ontinuum source. To do this, we assume the central component is
ymmetric, and subtract a reflection of the emission in the position-
elocity diagram along the axis shown by the dashed red line. To the
eft of the line, we replace the emission with noise simulated based
n an emission free region. The position-velocity diagram shown 
n Fig. 3 is unusual, both in its asymmetry and the highly uniform
hange in velocity at increasing distances from the radio core. This
teady velocity increase out to radii of at least 15 kpc indicates a
orce acting on the gas far from the galaxy centre. Typically, position-
elocity diagrams flatten out at larger radii. In the case of a galaxy
isc, this is due to the decreased orbital velocities at larger radii. For
utflows, it is because the jets lose their power beyond distances of
 few kpc. 

Fig. 1 shows that across most of the plume, the velocity dispersion
alls between 30 and 60 km s −1 , with sev eral unresolv ed peaks. The
egion around the radio core has highly asymmetric dispersion. On 
he side of the extended plume the dispersion is around 60 km s −1 ,
ut the value is twice as high on the opposite side. 
MNRAS 528, 3441–3455 (2024) 
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Figure 2. Upper: The CO(2-1) emission in Abell 2390 and the ratio of CO(1-0)/CO(2-1) emission. Lower: CO(1-0) and CO(2-1) spectra of Abell 2390’s 
molecular emission. The lower CO(1-0)/CO(2-1) ratios imply colder, denser gas. The grey tiles indicate insufficient CO(1-0) emission. Spectra extracted from 

the line of sight to the galaxy’s radio core show molecular absorption. The CO(2-1) absorption is shown in more detail in Fig. 10 and is discussed further in 
Section 6 . The yellow star indicates the location of the central continuum source. 
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.2 Molecular mass estimates 

he molecular mass associated with CO emission can be estimated
sing the following relation from Bolatto, Wolfire & Leroy ( 2013 ), 

 mol = 

1 . 05 × 10 4 

F ul 

( 

X CO 

2 × 10 20 cm 

−2 

K km s −1 

) (
1 

1 + z 

)

×
(

S CO �v 

Jy km s −1 

) (
D L 

Mpc 

)2 

M �, (1) 

here M mol is the mass of molecular hydrogen, X CO is a CO-
o-H 2 con version factor , z is the source’s redshift, S CO �v is the
mission integral, and D L is the luminosity distance in Mpc. F ul 

s an approximate conversion factor for the expected flux density
atios of the CO(1-0) and CO(2-1) lines, where u and l represent the
pper and lower lev els, respectiv ely. F or CO(1-0), F 10 = 1 and for
O(2-1), F 21 = 3.2 originates from a combination of the factor of 2
NRAS 528, 3441–3455 (2024) 
etween the frequencies of the lines and the brightness temperature
atio observed for molecular clouds in spiral galaxies of 0.8 at 10 K
Braine & Combes 1992 ). It is also consistent with the regions with
he strongest emission in Fig. 2 and is the same as that used by similar
tudies (e.g. David et al. 2014 ; Tremblay et al. 2018 ). 

The CO-to-H 2 conversion factor is a considerable source of
ncertainty, but to ensure our mass estimates are comparable with
imilar studies, we use the standard Milky Way value of X CO =
 × 10 20 cm 

−2 (K km s −1 ) −1 in our calculations (Bolatto, Wolfire &
eroy 2013 ). 
From the CO(2-1) emission, we estimate the total molecular mass

o be (2 . 2 ± 0 . 2) × 10 10 M �. In Table 2 , we also show the molecular
asses for each of the grid regions in Fig. 2 . The core region contains

he most concentrated molecular gas and makes up just under a third
f the total, with nearly all the rest being in the more extended plume.
he total mass we find is consistent with the value from the CO(1-0)
mission of (2 . 2 ± 0 . 6) × 10 10 M � (Rose et al. 2023 ). 
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Figure 3. Position-velocity diagram made along the axis of the molecular plume, with a 2.5 arcsec width and the zero spatial offset set as the location of the 
radio continuum source. There appears to be two main components. One is tightly bound to the galaxy and centred close to the continuum source. The other is 
the 15 kpc long molecular plume. On the right-hand side we show the position-velocity of the isolated molecular plume. To make this we assume emission at 
ne gativ e offsets is due to gas tightly bound to the galaxy and can be treated as a separate component. We then subtract a reflection of this emission about the 
0 kpc offset. We restrict the velocity range of this plot, but as can be seen in Fig. 10 , some faint emission from the core is present at up to −700 km s −1 . The 
zero velocity is set by stellar absorption lines of the core (Hamer et al. 2016 ). 

Table 2. The molecular mass contained in the grid regions shown in Fig. 2 , determined from the CO(2-1) emission. 

Region v cen (km s −1 ) FWHM (km s −1 ) M mol (M �) 

Total (2.2 ± 0.2) × 10 10 

A3 − 260 ± 30 430 ± 50 (1.4 ± 0.2) × 10 9 

B2 − 10 ± 30 240 ± 40 (1.3 ± 0.3) × 10 9 

B3 − 90 ± 40 580 ± 110 (6.3 ± 1.2) × 10 9 

B4 − 120 ± 40 160 ± 40 (0.9 ± 0.2) × 10 9 

C1 220 ± 20 160 ± 20 (1.2 ± 0.1) × 10 9 

C2 70 ± 20 230 ± 20 (2.7 ± 0.3) × 10 9 

C3 − 40 ± 30 250 ± 30 (1.6 ± 0.2) × 10 9 

D1 280 ± 20 230 ± 20 (2.4 ± 0.2) × 10 9 

D2 220 ± 20 350 ± 20 (2.3 ± 0.2) × 10 9 

D3 − 100 ± 40 90 ± 30 (0.4 ± 0.2) × 10 9 

E1 300 ± 20 220 ± 20 (1.7 ± 0.2) × 10 9 
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 MULTIWAV ELENGTH  OBSERVATIONS  O F  

BELL  2 3 9 0  

.1 MUSE 

ecently, Alcorn et al. ( 2023 ) presented high angular resolution maps
f optical emission lines in Abell 2390 from the CFHT/SITELLE 

maging Fourier Transform Spectrograph. In Fig. 4 we show mo- 
ents maps made with similar data from MUSE. These are made 

sing the strongest emission line, H α. This emission seems to trace
imilar structures to the molecular gas, albeit on a slightly larger 
cale – with the far extent of the H α plume extending to 25 kpc and
eceding 600 km s −1 faster than the galaxy centre. Interestingly, to 
he north of the most redshifted edges of the plume is a ‘hook’ in the
 α emission, where the emission broadens and is more redshifted 

this is also seen in N II , Alcorn et al. 2023 ). 
To compare the two, in Fig. 5 we show the molecular gas velocity
inus the H α velocity. Along a central spine in the plume, the two

as phases hav e v ery similar velocities. Ho we ver, there are velocity
ifferences to the north and south of the continuum source, and at the
 s  
ar extent of the molecular plume. For the most part, these velocity
ifferences are between a few tens and 100 km s −1 . This is around
 third to half the velocity dispersion of the H α gas (Alcorn et al.
023 , fig. 10), so although there is some discrepancy, it does not
mply uncoupled motion. The small differences present may also be 
ue to dust obscuration in the H α emission. 

.2 Chandra X-ray 

n Fig. 6 , we show an X-ray image of Abell 2390, and a residual
fter fitting a double-beta model, described by Ettori ( 2000 ). This
odel represents one cool and one ambient phase, where S is the

urface brightness, R is the projected radius on the plane of the
ky, r is the core radius, and β is the density slope parameter.

hen fitting to the model, we apply a mask to radii less than
 pixels (11kpc) from the centre of the fit. We find that the
eak brightness of the X-ray emission also gives the best-fitting 
ouble-beta model, i.e. the one which minimizes the sum of the
quares of the residuals. This point is approximately 7 kpc from the
MNRAS 528, 3441–3455 (2024) 
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Figure 4. F 555 W HST image alongside H α intensity and velocity maps from the MUSE instrument of the VLT. The blue contour on the optical HST image 
and white contour on the H α image show the 5 σ outline of the molecular emission. The red contour shows the 5 σ outline of H α emission. 

Figure 5. Molecular gas velocity minus H α velocity. In a central spine along 
the plume the two gas phases have similar velocities. Ho we ver, to the north 
of the continuum source, the molecular gas is receding faster. To the south 
of the continuum source and at the far north-western extent of the molecular 
plume, the H α-emitting gas is receding faster. The yellow star indicates the 
location of the central continuum source. 
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ocation of the radio continuum source. The best-fitting parameters

e find are S cool (0) = 6 . 4 counts pixel −1 , r cool = 71 kpc, βcool = 1 . 2,
 amb (0) = 12 . 6 counts pixel −1 , r amb = 7 . 3 kpc, and βamb = 0 . 46. 
Following subtraction of the double-beta model, the residual image

Fig. 6 ) contains three points of excess and and three points of
epression (previous analysis by Sonkamble et al. 2015 , using a
moothed image as the X-ray model identified five X-ray cavities). 

One region of X-ray excess (labelled A) is coincident with the
olecular and H α plume and implies an excess mass of 2 × 10 10 M �,

ased on a cluster mass of 6 . 4 × 10 14 M � (Allen, Ettori & Fabian
001 ). The second (labelled B), to the south-west of the galaxy centre
mplies an excess mass of 1 . 6 × 10 11 M �. A third (labelled C) exists
n a large, roughly 300 kpc wide region and has an implied excess

ass of 5 . 9 × 10 9 M �. This last re gion of e xcess seems to hav e a
imilar orientation to the molecular and H α plumes. In Fig. 7 we
NRAS 528, 3441–3455 (2024) 
how the mean excess counts pixel −1 for this region as a function of
adius from the centre of the double-beta model. This shows a large
xcess in the X-ray surface brightness close to the core, followed by
 depression up to around 70 kpc. Between around 70 and 300 kpc,
here is an excess of X-ray emission. This excess peaks at around
00 kpc, and seems to oscillate with three peaks and two depressions.
his could represent the characteristic spiral patterns in the X-ray
mission of ‘sloshing’ galaxy clusters predicted by simulations (e.g.
uHone, Markevitch & Johnson 2010 , fig. 5). The central excess B
nd depression D may also be a manifestation of this effect. 

The strongest and most compact depression (labelled D) lies just
eyond the edge of the molecular and H α plume (the outline of the
 α plume is indicated in Fig. 6 and labelled A). A second, more

xtended depression (labelled E) lies to the left of the galaxy centre.
o the right of the galaxy centre there is a third depression (labelled
). This is weak in magnitude but extends across around 300 kpc. 
To estimate the significance of the depressions and excesses we use

n approach based on that of Martz et al. ( 2020 ). For each depression
r excess, the residual image’s integrated counts, N I , is compared
ith the model image’s integrated counts, N M 

. 
The signal, S , in a region is 

 = | N I − N M 

| . (2) 

For depressions, the deficit, D , between the image and model is 

 = 1 − N I 

N M 

. (3) 

F or re gions of e xcess emission, the e xcess, E , between the image
nd model is 

 = 

N I 

N M 

− 1 . (4) 

The signal-to-noise ratio for the cavities and regions of excess is 

NR = 

S √ 

S + 2 N M 

. (5) 

Parameters calculated using the equations abo v e are giv en in
able 3 . The X-ray excess coincident with the plume is relatively
eak at 12 per cent, and has a signal-to-noise ratio of 2.6. The large

avity labelled ‘F’ in Fig. 6 is similarly weak, with a deficit of
3 per cent. Its signal-to-noise ratio is more significant at 5.0. The
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Figure 6. Combined Chandra image and the residual X-ray emission after subtraction of a double-beta model fit, all with 2 arcsec smoothing. The best-fitting 
location for this model is 7 kpc from the radio continuum source. The black contour labelled ‘A’ shows the location of the H α emission, while other regions 
trace the excesses and depressions. Within this region, the residual X-ray emission implies an excess hot gas mass of 2 × 10 10 M �. 

Figure 7. The mean excess counts per pixel as a function of distance from 

the centre of the X-ray model, for the red region labelled C shown in Fig. 6 . 
An excess count is calculated for each individual pixel, but here we show the 
data in annular bins 1 pixel wide. Between around 10 and 70 kpc, there is a 
cavity, followed by an excess of emission out to around 300 kpc. The implied 
excess of hot gas in region ‘C’ is 5 . 9 × 10 9 M �. 

Table 3. The magnitude of each region of excess and depression shown in 
Fig. 6 , plus their signal-to-noise ratios. 

Region Label Excess/Deficit (per cent) SNR 

Plume A 12 2.6 
Central excess B 35 12 
Large excess C 38 17 

Central depression D 26 7.0 
Left depression E 23 14 
Right depression F 13 5.0 
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emaining cavities and excesses we identify are stronger (between 
3 and 35 per cent) and have much higher signal-to-noise ratios (at
east 7). There is therefore a possibility the excess coincident with
he plume is spurious, but all other excesses and deficits are of high
ignificance. 

We note that our X-ray analysis is carried out on a full band
0.5–7 keV) image due to the limited counts. The hard X-ray is core-
ominated, but the soft X-ray image has some extended emission to
he north-west of the continuum. Therefore, apparent deficits may 
rise due to our radial averaging analysis, resulting in a strong excess
nd a clear deficit on opposite sides of the centre. In our data the extent
f the soft X-ray excess is only around 3 arcsec (11 kpc), so we do not
MNRAS 528, 3441–3455 (2024) 
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Figure 8. Schematic diagrams showing a bird’s eye view of potential plume orientations. We include two basic components: a rotating spherical distribution 
of gas centred on the radio core, and the 15 kpc long molecular plume. We consider arrangements where the plume is on the near or far side of the main galaxy, 
but only the latter are feasible. Positive velocities imply movement away from us along the line of sight relative to the main g alaxy. Neg ative velocities imply 
mo v ement towards us along the line of sight. The arrows indicate the direction and magnitude of flow. 

Figure 9. A curved plume of molecular gas with a constant velocity 
magnitude may theoretically have a smoothly changing line-of-sight velocity. 
The far-sided plume in the upper diagram sho ws ho w a line-of-sight velocity 
change may arise from curvature in a jet powered outflow, or an outflow due 
to a gravitational disturbance. The lower diagram shows how curvature in a 
near-sided plume may cause an apparent decrease in the velocity of inflowing 
gas. 
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elie ve this ef fect to be responsible for the quasi-symmetric excess
 and deficit D. 

 PLUME  O R I E N TAT I O N ,  POWER,  A N D  AG E  

.1 Plume orientation 

ince we are seeing the plume in projection, it is likely to lie on either
alaxy’s far side or near side. Each of the two diagrams on the left of
ig. 8 shows bird’s-eye-view of a far-sided, linear molecular plume.
f the farthest point of the molecular plume is treated as the rest frame,
t is implied that the central galaxy has been accelerated towards us
long our line of sight and has left behind a trail of molecular gas.
or the lower left arrangement of Fig. 8 , the main galaxy is treated
s the rest frame. The plume can then be interpreted as an outflow
nduced by an accelerating jet. 

The two arrangements on the right of Fig. 8 show a near-sided,
inear molecular plume. When the farthest point of the molecular
lume is treated as the rest frame (upper right of diagram) this
gain implies the central galaxy has been accelerated away from
he initial velocity frame and left behind a trail of molecular gas.
o we ver, this would require the galaxy to have been pulled from the

ar side, meaning it should be receding faster than the plume. Another
nterpretation of this arrangement which may seem feasible on first
nspection is a near-sided outflo w. Ho we ver, this is again unphysical
ecause the plume’s farthest point is in fact receding faster than the
ain galaxy. 
The lower right arrangement implies the inflow of a near-sided

lume. Ho we v er, the v elocity structure of the molecular gas requires
hat in this case there is deceleration of the gas which is moving
owards the main galaxy. This may be possible if the plume is
ignificantly curved, which we show in Fig. 9 . 

The velocity structure we see in the molecular plume therefore
ndicates that Abell 2390’s plume lies on the galaxy’s far side. This
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s consistent with the HST data in Fig. 1 , which show no obvious
ust obscuration. 
It is also interesting to consider the angle the plume makes to our

ine of sight. In Fig. 8 , L represents the true length of the plume and
 app is the apparent length, while � V represents the total velocity
hange along the plume and � V los is the velocity change seen along
he line of sight. With θ as defined in Fig. 8 , we have 

 V = � V los / sin ( θ ) (6) 

 = L app / cos ( θ ) . (7) 

Values of θ close to 0 imply a very large � V , while values close
o 90 imply a very long plume. 

For the case of a gravitational disturbance (upper left), we can rule
ut values of θ close to 0 because the � V los is already at the upper
nd of the v elocities observ ed for gravitationally disturbed clusters.
arger values of θ are difficult to rule out in this scenario. 
F or a jet-driv en outflo w (lo wer left), angles close to these two

xtremes can be ruled out. A long plume would require the jet to act
 v er a v ery long distance, while a plume with a very large � V would
equire an extremely powerful jet. 

In the case of a gravitationally disturbed cluster, the true distribu-
ion of molecular gas may be more complex than the simple linear
rrangement shown in the top left panel of Fig. 8 . Simulations show
hat the trails resulting from gravitational disturbances are typically 
ent (e.g. ZuHone, Zavala & Vogelsberger 2019 ). In Fig. 9 we
llustrate how the line-of-sight velocity may show a smooth change, 
ven when the gas has a constant velocity magnitude. Ho we ver,
 long plume of disturbed gas is unable to form unless there is
ome velocity gradient to induce its elongation. Any plume resulting 
rom a gravitational disturbance is therefore likely to have a velocity 
tructure explained by a mix of the extremes in Figs 8 and 9 . 

.2 Potential power and age of the molecular plume 

iven the uncertain origin of the plume, it is of interest to calculate
he power required to produce it via an accelerating force such as
 jet. Since the velocity field is consistent with linear acceleration 
rom the nucleus outwards, the initial v elocity, v 0 , final v elocity, v,
cceleration, a , and distance co v ered, s , are related by 

 = 

v 2 − v 2 0 

2 s 
, (8) 

which we find to be 6.8 × 10 −14 km s −2 (using a velocity change
f 250 km s −1 and a length of 15 kpc). 
The force driving the velocity change in the plume can be 

stimated from the product of its mass and acceleration. Using the 
bo v e acceleration and assuming half of A2390’s molecular mass is
ontained within the plume (i.e. 1 . 1 × 10 10 M �, see Table 2 ), we find
 value of 1.5 × 10 35 erg cm 

−1 . 
The kinetic energy of the plume, 3.4 × 10 57 erg, is found from

he product of the driving force and the distance co v ered (taking the
ean distance co v ered to be half the plume length). If the plume

s made up of gas lifted out from the galaxy centre, considerable
ork is also done against gravity. Using the isothermal mass profile 
f Abell 2390 from Pierre et al. ( 1996 ), we find the gravitational
otential energy of the plume to be 1.0 × 10 58 erg. The total kinetic
nd gravitational potential energy contained within the plume is 
herefore 1.3 × 10 58 erg. 

The initial v elocity, final v elocity, acceleration, and age of the
lume, t , are related by 

 = v 0 + at. (9) 
The plume’s implied age is therefore 

 = 

v − v 0 

a 
, (10) 

which we find to be 3.7 × 10 15 s, or 0.12 Gyr. This is of the same
rder as the cooling time in the galaxy’s central 9 kpc, estimated by
llen, Ettori & Fabian ( 2001 ) to be 0.4 Gyr. 
By dividing the total energy contained within the plume by its

ge, we find a power of 3.4 × 10 42 erg s −1 . This power is consistent
ith molecular gas flows commonly found in active central galaxies 

Tamhane et al. 2022 ). In Section, 7.3 , we further discuss the
ossibility of a jet-driven outflow. 
Hutchings & Balogh ( 2000 ) calculate a star formation rate in

bell 2390’s core of 28 M � yr −1 . Values in the HST image’s two
nots (coincident with the plume) are not explicitly stated, but are
aid to be similar. A star formation rate of 8 . 8 M � yr −1 has also
een estimated by Rawle et al. ( 2012 ) from FIR data. At the higher
nd, a total star formation rate of 80 M � yr −1 implies the galaxy’s
ntire reservoir of molecular gas would be depleted in 0.26 Gyr. This
ime-scale is similar to the age estimated abo v e, further suggesting
hat the plume is indeed young and may be sustained by the cooling
f hot gas. At the lower end ho we ver, a total star formation rate of
 . 8 M � yr −1 would deplete Abell 2390’s molecular gas in a much
onger period of 2.4 Gyr. 

 M O L E C U L A R  A B S O R P T I O N  AG AI NST  

A D I O  C O R E  

n Fig. 10 , we show a CO(2-1) spectrum extracted from an approx-
mately beam-sized region spatially coincident with Abell 2390’s 
adio core. This contains emission, as well as a 250 km s −1 wide
bsorption feature centred at a velocity of approximately 200 km s −1 .

The absorbing gas lies in front of Abell 2390’s radio continuum
ource, which has some structure at 1–10 GHz detected by the
LBA (Augusto, Edge & Chandler 2006 ). Ho we ver, at 23 GHz,

he continuum is extremely compact, and will be even more so at
he frequency of the CO(2-1) line. The absorption can therefore 
e approximated as coming from a single pencil-beam line of 
ight. Additionally, the positive sign in the absorption’s velocity 
nambiguously indicates mo v ement of the absorbing gas towards 
he galaxy centre along our line of sight. It also matches that of
reviously detected H I and CO(1-0) absorption (Zahid et al. 2004 ;
ern ́andez et al. 2008 ; Hogan 2014 ; Rose et al. 2019b ). 
As well as being wide, the molecular absorption is deep. The drop

n the continuum-subtracted flux density is around 6 mJy beam 

−1 ,
ompared with a continuum flux of 8 mJy beam 

−1 . Ho we ver, in
eality the absorption is likely optically thick, with the missing 
 mJy filled in by CO(2-1) emission. This is confirmed by HCO 

+ 

bservations, which lack molecular emission, but show near saturated 
bsorption (Rose et al. in preparation). 

In many respects the absorption against Abell 2390’s radio core is
onsistent with cases where the molecular gas is inferred to be in the
entral regions of the host galaxy and is moving towards the radio
ore along the line of sight at hundreds of km s −1 (e.g. NGC 5044,
bell 2597, S555: David et al. 2014 ; Tremblay et al. 2016 ; Rose et al.
019b , 2023 ). Specifically, their absorption lines have high inward
elocities and are very wide, implying they are from a region with a
ery high velocity gradient. The absorption lines are also significantly 
edshifted compared with the molecular emission, suggesting the two 
re not produced by the same population of clouds. This is in contrast
o cases where the absorption is due to chance alignments between
he continuum source and the large-scale distribution of molecular 
MNRAS 528, 3441–3455 (2024) 
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M

Figure 10. Continuum-subtracted CO(2-1) spectrum in Abell 2390. The spectrum is extracted from an approximately beam-sized region centred on the radio 
core. This maximizes the visibility of the absorption by excluding much of the spatially extended emission present in Figs 1 and 3 . The zero velocity is set 
using stellar absorption lines of the core (Hamer et al. 2016 ). Similarly broad and redshifted CO(1-0) (Rose et al. 2019b ) and H I absorption (Zahid et al. 2004 ; 
Hern ́andez et al. 2008 ; Hogan 2014 ) have also been detected against the continuum source. 
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Figure 11. Two simplistic models which could result in the emission- 
absorption spectrum shown in Fig. 10 . Our line of sight is in the direction 
from left to right. The top model shows a large-scale inflow where the same 
gas is responsible for both the emission and absorption in the spectrum. The 
bottom panel shows a model in which the emission is caused by a large-scale 
distribution of gas with some preferred direction of rotation. The absorption is 
caused by spherically symmetric inflow of molecular gas close to the galaxy 
centre. Due to the proximity, alignments with the continuum are relatively 
likely, resulting in the high absorption column density. l is the length of 
absorbing gas, v is the inflow velocity, and nl is the distance from centre to 
cloud edge expressed in terms of l , where n is a constant. A is the cross- 
sectional area of the pencil beam towards to continuum source. This is much 
smaller than the observation’s beam – which does not resolv e an y structure 
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as, which results in narro w, lo w velocity absorption lines contained
ithin the emission (e.g. Hydra-A and IC 4296, Ruffa et al. 2019 ;
ose et al. 2020 ). 
Ho we ver, Abell 2390 is unique in that it has a deep, wide, and

ighly redshifted absorption feature embedded within the emission.
his may be due to the large beam size encapsulating emission from
 wide area, but a second possibility is a larger scale inflow. We now
iscuss this possibility, along with two other explanations for the
olecular absorption. 

.1 Large-scale spherically symmetric inflow 

n the upper panel of Fig. 11 , we show a simplified model of a
arge-scale spherically symmetric inflow. In this model, emission
s produced by gas on both sides of the galaxy, while absorption
gainst the continuum can only be caused by gas on the near side.
his results in a broad emission line, combined with an absorption

eature at positive velocities. 
In Abell 2390, the line-of-sight column density of the emission

patially coincident with the radio core is 160 M �/ pc 2 . For spheri-
ally symmetric accretion, the total mass inflow rate at a given radius,
˙
 , is 

˙
 = ρS v, (11) 

where ρ is the volume density, S is the surface area of the inflow,
nd v is the inflow velocity. 

The total mass within the beam is 0 . 6 × 10 10 M � and the beam
adius is 1.9 kpc, giving a density of 0 . 2 M � pc −3 . This assumes a
pherical distribution of gas which extends to the galaxy centre. 

In this model, the blueshifted side of the emission (with ne gativ e
elocities) will originate from the far side of the galaxy. The
ntensity-weighted mean line-of-sight inflow velocity for the far-
ided emission is 250 km s −1 . The true inflow velocity is then 

 = 

v los 

cos ( θ ) 
, 

here θ is the angle made to the line of sight. Evaluating this between
π
2 and π

2 , the mean inflow velocity is then v = 390 km s −1 . 
The inflow area decreases with the radius, so an approximation is

equired. If we take S to be the mean area between the centre and
he beam’s radius, l , then S = 

4 
3 πl 2 . The inferred mass inflow rate is

hen 1300 M � yr −1 (1sf). This is extremely high and its presence on
NRAS 528, 3441–3455 (2024) 

in the continuum. 
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Figure 12. The inferred total inflow rate, Ṁ , as a function of cloud length, 
l , derived for the scenario shown in the lower half of Fig. 11 . Here, n is a 
constant, with nl being the distance from the galaxy centre to the near edge of 
the absorbing gas. The dashed line marks a total inflow rate of 0.5 M � yr −1 . 
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iloparsec scales means it would endure for at least several thousand 
ears (since changes cannot take place on a time-scale less than the
ight crossing time). This is orders of magnitude abo v e the Eddington
ccretion rate, and even when assuming a low accretion-to-jet energy 
onv ersion efficienc y of η = 1 × 10 −4 (Christie et al. 2019 ) could
uel 7 × 10 45 erg s −1 jets. This suggests the model of a large-scale
nflow is not realistic. 

.2 Spherically symmetric inflow at low radii 

he lower panel of Fig. 11 shows a second simple model. Here,
he emission originates from a massive, kpc-scale distribution of 
olecular gas. Due to its size, this is easily visible in emission.
o we ver, assuming it is composed of discrete molecular clouds, its

elati vely lo w column density implies that only a very small number
f them should align with the continuum. This would produce narrow 

bsorption features (like in Hydra-A Rose et al. 2019a ), rather than
he single, very wide absorption line we see. In this case therefore
he gas we see in emission cannot also be the cause of the deep and
ide absorption. Instead, the absorption may be due to gas close to

he galaxy centre which is undergoing spherically symmetric inflow 

this is too low in mass to be visible in emission, but close enough
o the continuum source that alignments with our line of sight are
easonably likely. The proximity to the nucleus would also give the 
olecular gas a large velocity dispersion, explaining the high velocity 
idth of the absorption. 
The emission from gas around the radio core is not resolved in our

bservations due to the large beam size and there are many potential
elocity structures which could produce the broad emission present 
n Fig. 10 . The exact form is not critical to the model so long as
t produces a broad emission line, though one possibility which we 
epresent in Fig. 11 is a rotating molecular disc like in Hydra-A,
here emission is present from −400 to + 400 km s −1 (Rose et al.
019a ). 
Using this model, we can then perform calculations to estimate the 
ass accretion rate it implies. With l and nl as defined in Fig. 11 , the
ass flow rate along the pencil beam line of sight to the continuum,

˙  , is 

˙  = ρAv = 

σ

l 
Av, (12) 

where A is the cross-sectional area of the continuum, ρ is the 
olume density, σ is the line-of-sight column density, and v is the 
nflow velocity. 

The total spherical mass inflow, Ṁ , and the line-of-sight inflow, 
˙  , are proportional according to their areas. The surface area of
he cloud segment is A . The surface area of the sphere (i.e. the
otal inflow area) changes with radius. Ho we ver, the mean v alue is
4 π
3 l 

2 (3 n 2 + 3 n + 1). This is found by integrating the function for the
rea from nl to nl + l and dividing by the range ( l ). With these two
unctions for the area, Ṁ and ṁ are related by 

˙
 = ṁ 

4 π

3 A 

(3 n 2 + 3 n + 1) l 2 . (13) 

The detection of strong and wide absorption against Abell 2390’s 
adio continuum is unusual, so the absorption along this line of sight is
ot likely to be representative of an overall accretion rate. Therefore, 
e can also introduce a factor, f , which accounts for ‘o v erdetection’

long the line of sight. For example, f = 2 would mean twice as much
as is inflowing along our line of sight as is average. Then, 

˙
 = ṁ 

4 π

3 A 

(3 n 2 + 3 n + 1) l 2 
1 

f 
. (14) 
Substituting equation ( 12 ) into ( 14 ) gives 

˙
 = 

σ

l 
Av 

4 π

3 A 

(3 n 2 + 3 n + 1) l 2 
1 

f 

= 

4 πσv 

3 f 
(3 n 2 + 3 n + 1) l. (15) 

We can estimate Ṁ from our molecular absorption profile. The 
ine-of-sight column density, N tot , of an optically thin molecular 
bsorption region is 

 

thin 
tot = Q ( T ) 

8 πν3 
ul 

c 3 

g l 

g u 

1 

A ul 

1 

1 − e −hνul /kT ex 

∫ 

τul d v , (16) 

where Q ( T ) is the partition function, c is the speed of light, A ul 

s the Einstein coefficient of the observed transition, and g is the
ev el de generac y, with the subscripts u and l representing the upper
nd lower levels (Godard et al. 2010 ; Mangum & Shirley 2015 ).
he assumption of optically thin absorption in equation ( 16 ) is

nappropriate for our CO(2-1) absorption. To account for this, a 
orrection factor can be applied (Mangum & Shirley 2015 ) to give
he following more accurate column density: 

 tot = N 

thin 
tot 

τ

1 − exp ( −τ ) 
. (17) 

From the abo v e, we find a v elocity-inte grated optical depth
f τd v = 214 km s −1 , which gives a column density of σ =
30 M � pc −2 (Rose et al. 2023 ) (assuming a CO/H 2 ratio of 10 −4 

nd excitation temperature of 5.5 K). 
The absorption in Abell 2390 was initially found as part of a sample

f 20 massive galaxies with the highest available X-ray brightness 
Rose et al. 2019b ). Rose et al. ( 2023 ) suggest that three detections
rom those 20 observations are likely due to gas in close proximity
o the galaxy centre, so our best estimate is f = 20/3. Ho we ver, Abell
390 has an absorption column density around twice the value of
hose similar detections, so the best estimate we can make is that
 = 40/3 in this case, though there is a high degree of uncertainty.
he last remaining constant needed for equation ( 15 ) is v, shown in
ig. 10 to be v = 200 km s −1 . With these constants, we find 

˙
 = 0 . 0082 (3 n 2 + 3 n + 1) l M � yr −1 pc −1 . (18) 

We can then determine the implied inflow rate for various n and l ,
hich we show in Fig. 12 . We can also work backwards and assume
 reasonable supermassive black hole accretion rate to infer n and
MNRAS 528, 3441–3455 (2024) 
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M

Figure 13. The line-of-sight velocities of the absorbing gas in Fig. 10 may 
be a result of elliptical motion around the galaxy centre, with the AGN at or 
close to the centre of the ellipse. 
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 . For this reason, in Fig. 12 we show a dashed line marking an
ccretion rate of 0.5 M � yr −1 – typical of brightest cluster galaxies
ike Abell 2390. 

The case where n = 0 is the simplest to consider. This is when
he absorbing gas extends to the galaxy centre, and also maximizes
ow far the cloud edge is from the galaxy centre. This suggests the
bsorbing gas extends to around 70 pc. For n = 0.5, the distance
etween the radio core and nearest edge of the cloud is equal to half
he cloud diameter. In this case, l = 20 pc and nl = 10 pc. For n = 10,
 = 0.15 pc, and nl = 1.5 pc. If correct, this model therefore suggests
bell 2390’s absorbing gas is at most a few 10 s of parsecs away

rom galaxy centre. Under direct inflow and with an average velocity
f 200 km s −1 , a distance of 10 parsec can be co v ered in 4 × 10 4 yr.

.3 Apparent inflow induced by elliptical orbits 

s shown in Fig. 13 , apparent inflow can arise due to elliptical
otion. This provides a third possible explanation for Abell 2390’s

edshifted absorption. 
With a mass, M , enclosed within an elliptical orbit, the magnitude

f the velocity of an object on the orbit is 

 = 

√ 

G M 

(
2 

r 
− 1 

a 

)
, (19) 

where r is the distance between the ellipse centre and the object
as shown in Fig. 13 ) and a is the semimajor axis. 

We may define γ as the angle between the semimajor axis, the
llipse centre, and the object (see Fig. 13 ). Accordingly, a and r
re related by a constant, k ( e , γ ), which depends on the orbit’s
ccentricity, e , and γ . Therefore, it is convenient to write 

 = 

√ 

G M 

(
2 

r 
− 1 

kr 

)
, (20) 

The measured line-of-sight velocity, V los , and V are related by 

 = 

V los 

cos �
, (21) 

with � as defined in Fig. 13 . 
Combining equations ( 20 ) and ( 21 ) and solving for r , we find 

 = G M 

(
2 − 1 

k 

)(
cos �

V los 

)2 

. (22) 
NRAS 528, 3441–3455 (2024) 
This does not account for inclination of the elliptical orbit,
hich would reduce V los further. This model will therefore give

he maximum possible cloud-supermassive black hole distance for a
iven V los and M . 
Typical eccentricities for the ∼10 pc surrounding Sgr A ∗ are in

he range 0.2–0.8 (Ferri ̀ere 2012 ; Mapelli & Gualandris 2016 ). For
n elliptical orbit of eccentricity of 0.6, viewed at an angle γ =
5 ◦, a line-of-sight velocity of v los = 200 km s −1 (which we see in
bell 2390) can be attained by a range of cloud supermassive black
ole distances, r , and enclosed masses, M . If the central supermassive
lack hole mass is 10 9 M � and dominates the enclosed mass, then r =
.8 parsec. If the mass is of order 10 10 M �, as the work by Hlavacek-
arrondo et al. ( 2012 ) implies is likely, we find r = 48 parsec. 
Without an M ( r ) profile at lower radii, it is hard to constrain the

ocation of the absorbing gas in this scenario. Nevertheless, the 200
m s −1 line-of-sight v elocity observ ed in the spectrum of Fig. 10 is
learly attainable in this way. Ho we ver, the absorption’s high velocity
ispersion and column density still suggests it is likely close to the
alaxy centre and the supermassive black hole’s sphere of influence,
ven if there is no inflow. 

 T H E  O R I G I N  O F  ABELL  2 3 9 0 ’ S  

ULTIPHASE  PLUME  

.1 A past gravitational disturbance in Abell 2390? 

lusters of galaxies frequently experience gravitational disturbances
hough mergers with small groups and individual galaxies. These can
ave a significant impact, even when the acquired system is compar-
tively small (Mazzotta & Giacintucci 2008 ; ZuHone, Markevitch &
ohnson 2010 ; ZuHone et al. 2013 ). The many components of a
alaxy and its cluster – such as the stars, molecular gas, dark matter,
nd the intracluster medium – are affected differently by gravitational
isturbances. Specifically, the dark matter, dense baryonic matter
e.g. stars), and diffuse baryonic matter (e.g. the ICM) can separate
rom each other due to ram pressure forces (see for example the
xtreme case of the Bullet Cluster, Markevitch et al. 2004 ). After their
isplacement, the diffuse baryonic components orbit the dark-matter-
ominated gravitational potential in an oscillating manner. The
haracteristic spiral pattern this can create in the X-ray, molecular,
nd H α emission at the centre of a cluster is often referred to as
sloshing’. This activity can mimic uplift by displacing gas from the
alactic centre along a plume (Hamer et al. 2016 ). 

The velocity profile we see in Abell 2390’s molecular gas is
imilar to several others in which an offset in the X-ray peak and
xtended optical line emission have been linked to activity of this
ind, e.g. Abell 1991, Abell 3444 (Hamer et al. 2012 ), and Abell
533, which has a 40 kpc long filament of line emission (Green
017 ). RX J0821 + 0752 also has an 8 kpc long plume of molecular
mission and an offset in its X-ray peak (Vantyghem et al. 2019 ).
ther examples include Abell 2029 (Clarke, Blanton & Sarazin
004 ), M87 (Simionescu et al. 2010 ), and Abell 795 (Ubertosi et al.
021 ). 
After subtracting elliptical fits to Abell 2390’s X-ray emission, ten-

ative cavities and/or sloshing activity have been inferred (Sonkamble
t al. 2015 ; Shin, Woo & Mulchaey 2016 , plus our own analysis).
n larger scales, Allen, Ettori & Fabian ( 2001 ) identify substructure

n the cluster’s X-ray emission, suggesting it has not fully relaxed
ollowing a recent merger. Similarly, the temperature distribution
erived from XMM observations is asymmetric, which also fa v ours
 recent merger (and therefore ongoing oscillation about the gravita-
ional centre). Sonkamble et al. ( 2015 ) also suggest the systematically
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ncreasing temperature and metallicity of gas clumps support a prior 
erger from which the cluster has not fully relaxed (similar to, 

.g. Blanton et al. 2004 ). Finally, in Fig. 7 , we show oscillation
n the X-ray brightness as a function of radius. This appears to
atch that predicted by simulations (ZuHone, Markevitch & Johnson 

010 ). 

.1.1 A trailing plume of molecular gas? 

 past gravitational disturbance may be consistent with the distribu- 
ion of molecular gas seen in Fig. 1 , where the brightest, spheroidal
omponent of molecular gas is slightly offset to the north-west of the
ontinuum source – the same direction as the 15 kpc long molecular 
lume. In this scenario, this may be viewed as the molecular gas
railing behind the high-density core, which has been efficiently 
ccelerated by the gravitational disturbance due to its minimal drag 
orce. As we show in Fig. 9 , some of the velocity change along
he plume may be a simple projection ef fect. Ho we v er, a v elocity
radient along the plume is still required for it to become elongated.
The gas experiencing the strongest drag forces would end up at the

argest distance from the galaxy centre and with the largest velocity 
ffset. The galaxy would also have been in this frame initially, but
ollowing its gravitational disturbance, now mo v es along our line 
f sight at −250 km s −1 (with the ne gativ e sign implying mo v ement
owards us). This matches what is seen in Fig. 2 . The CO(1-0)/CO(2-
) intensity map gives some indication that the warmer, less dense 
as (which would experience the highest drag force) is at the farthest
oint of the plume and has the largest separation from the galaxy. 
In Fig. 1 , there is also a region of molecular emission with a

elocity dispersion of around 140 km s −1 – at least twice as high
s anywhere else. Interestingly, this high-dispersion region is of 
elati vely lo w mass and lies to the opposite side of the continuum
ource as the plume. This high-dispersion region may be akin to a
ow wave, behind which calmer molecular gas is trailing. 
In this scenario, the small velocity differences between the H α

nd molecular gas shown in Fig. 5 may arise due to the differing ram
orces acting on the molecular gas and diffuse hot gas. 

.1.2 A condensing plume of molecular gas? 

bell 2390’s current star formation rate implies that without further 
ooling, its molecular gas will be depleted in 0 . 26 –2 . 4 Gyr (see
ection 5.2 ). At the lower end, this is comparable to the estimated
ge of the plume. Therefore, the molecular gas may have a short
ifespan i.e. the majority of the gas we detect may have formed after
he purported gravitational disturbance. 

To confound this, we also see evidence of significant ongoing 
olecular gas formation. Allen, Ettori & Fabian ( 2001 ) estimate a

ooling time in the central 9 kpc of 4 × 10 8 yr , giving a cooling rate of
0 M � yr −1 . In the absence of star formation, this cooling rate would
rovide a molecular mass equal to that of the plume in 0.2 Gyr –
ompared with its estimated age of 0.12 Gyr (Section 5.2 ). There is
lso a significant amount of hot gas available for cooling. Earlier, we
stimated an excess atmospheric gas mass from the Chandra X-ray 
ata for the region coincident with the plume of 2 × 10 10 M �. 
The abo v e suggest that much of the molecular gas in Abell 2390’s

lume may have formed following a gravitational disturbance, rather 
han having been dragged out by ram pressure forces. The rest frame
f this newly cooling gas would be the same as the intracluster
edium, but in time would form a gravitationally po wered inflo w

owards the mass centre. 
.2 A jet-dri v en molecular outflo w with lifting by jet-inflated 

ubbles? 

adio observations of Abell 2390 sho w e vidence of multiple epochs
f AGN activity. On large scales, the Low-Frequency Array (LOFAR) 
as shown radio lobes to the east and west with widths of 600
nd 300 kpc, respectively (Savini et al. 2019 ). Much higher angular
esolution observations by Augusto, Edge & Chandler ( 2006 ) show
oung radio jets and lobes propagating out in an almost perpendicular
irection, suggesting recurring activity from a precessing AGN. 
he presence of multiple cavities in the X-ray emission at different
rientations also points towards AGN feedback having been launched 
n changing directions. 

From this perspective, it is worth considering if an intermediate 
eriod of radio activity may have accelerated Abell 2390’s molecular 
lume. In Section 5.2 , we estimated that the energy contained
ithin the molecular plume is 1.3 × 10 58 erg, with a power of
.4 × 10 42 erg s −1 . For brightest cluster galaxies like Abell 2390, this
e vel of po wer and energy output during a period of AGN activity is
ften attainable. 
Ho we ver, jet action alone is inconsistent with the velocity gradient,

hich is highly uniform across the length of the molecular plume
Fig. 3 ). In H α, the plume and its acceleration e xtend ev en further,
o around 25 kpc and 600 km s −1 . This is an impractically long range
or a jet to act o v er, so the continued acceleration of the plume
t these distances w ould lik ely require the help of buoyant X-ray
avities. This effect has been observed in Abell 1795, where the
outhern molecular filament and radio lobe are closely aligned, with 
as having been transported out to large radii by buoyant X-ray
ubbles (Russell et al. 2017 ). Highly uniform acceleration in O[ II ]
as has also been found in Abell 1835, aligned with the galaxy’s one-
ided 5 GHz radio emission and trailing behind an X-ray cavity on
ach side (O’Dea et al. 2010 , Gingras et al. in preparation). In Abell
390, a similar process is a possibility. The plume may have been
aunched by radio jets and lobes, then further accelerated out to larger
adii by rising bubbles. Ho we ver, we lack the ∼1 GHz observations
hich would confirm or rule out the existence of these radio lobes.
e also see no obvious candidate bubble in the X-ray data, so this
ould need to have since disintegrated (though bubble remnants may 

till be visible as the troughs in the X-ray emission of Fig. 7 ). 
Although a jet-driven outflow is plausible for some of the reasons

iv en abo v e, it is not clear why this scenario would produce such
n asymmetric distribution of molecular gas. Further, with a jet- 
riven and cavity-lifted outflow, the velocity difference between 
he molecular and H α (Fig. 5 ) may be easily explained due to a
ifference in the inertia of the two phases, i.e. one phase being easier
o accelerate than the other. Ho we ver, the molecular phase would
ypically be the more dense and harder to accelerate, but we find this
o be the phase which is receding fastest at the farthest point of the
lume. 

.3 Inflowing molecular gas? 

he Abell 2390 cluster is e xtremely massiv e, which results in a
trong gravitational force towards the cluster centre and its central 
 alaxy. Cooling g as from the intracluster medium can therefore be
ttracted towards the cluster centre, in what is termed a cooling
ow (Fabian 1994 ). Given that Abell 2390 has a significant cooling
ate of 200 –300 M �yr −1 (Allen, Ettori & Fabian 2001 ), cooling and
nflowing gas is a plausible explanation for the plume. This high
ooling rate could provide a molecular mass equal to that of the
lume in less than 0.1 Gyr. 
MNRAS 528, 3441–3455 (2024) 
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As we show in Fig. 8 , an inflowing plume may lie on either the
alaxy’s far or near side. In the case of a far-sided plume, a line-
f-sight deceleration of the inflowing gas is required. However, as
hown in Fig. 9 , this apparent deceleration is achie v able without any
rue reduction in speed if the plume is curved. 

 C O N C L U S I O N S  

e present new ALMA CO(2-1) observations of molecular gas in
he Abell 2390 brightest cluster galaxy. We analyse our ALMA data
longside HST , MUSE, and Chandra observations to constrain the
otential origins of its massive multiphase plume. Our main findings
nd conclusions are as follows: 

(i) The total molecular mass in Abell 2390 is (2 . 2 ± 0 . 2) ×
0 10 M �, roughly half of which is contained in a 15 kpc long
olecular plume to the north-west with a velocity change of roughly

50 km s −1 . 
(ii) As well as emission, deep and wide CO(2-1) absorption is

bserved against Abell 2390’s radio core. The absorption is very
ide – although the line of sight to the background continuum is a
aximum of a few tens of square parsecs in area, the absorption is

round a third as wide as the galaxy’s entire molecular emission. It
lso has high inward velocities, and its column density is two orders
f magnitude higher than the emission. These properties are similar
o cases where absorbing gas is likely in the central regions of the
ost galaxy and is moving towards the radio core at hundreds of
m s −1 . We construct two plausible models for how the absorption
ay arise. In both of these models the gas is close the the galaxy

entre, so alignments with the continuum are relatively likely. This
roximity to the core explains the high absorption width and column
ensity. 
(iii) Clusters of galaxies frequently experience disruptive mergers

nd flybys. These can displace the brightest cluster galaxy’s baryonic
atter from its dark matter, resulting in characteristic spiral patterns

n the cluster’s X-ray emission. This ‘sloshing’ may explain the
elocity structure seen in Abell 2390’s molecular gas. Following a
ravitational disturbance, drag forces cause the dark matter and AGN
o separate from the intracluster medium, leaving a trail of molecular
as. A merging event would imprint a spatially smooth velocity
tructure on gas trailing as a result of ram pressure stripping, as well
s any gas which cools subsequently. In Abell 2390’s molecular gas
e see a very smooth velocity gradient, a bright region of molecular
as slightly offset from the nucleus, a more extended plume of lower
ensity molecular gas, and a high velocity dispersion region to the
pposite side of the continuum source which may be interpreted as
 bow wave. These properties are consistent with the plume having
een created following a gravitational disturbance. 

(iv) Radio observations of Abell 2390 reveal multiple epochs of
GN activity, with LOFAR observations detecting radio lobes to the
ast and west (Savini et al. 2019 ), and higher resolution observations
howing radio jets and lobes propagating in a direction almost
erpendicular to the LOFAR lobes (Augusto, Edge & Chandler
006 ). This suggests recurring activity from a precessing AGN.
he presence of multiple cavities in the X-ray emission at different
rientations further supports a history of AGN feedback operating in
hanging directions. During a so far undetected intermediate period
f radio activity, the resulting jets may have accelerated the plume
f molecular gas. The estimated kinetic and gravitational potential
nergy contained within the molecular plume are similar to the power
utput of typical AGN in brightest cluster galaxies. Ho we ver, the
mooth velocity gradient out to radii of at least 15 kpc is unexpected
NRAS 528, 3441–3455 (2024) 
f a highly energetic and compact jet is the driving force. X-ray
avities may therefore have aided the uplift, but if these ever existed,
hey are no longer visible. 

(v) Abell 2390’s molecular plume may also be explained as
 molecular inflow. This gas may originate from cooling of the
ntracluster medium, before being attracted to the cluster centre by
ts strong gravitational pull. In this case, the plume may lie on either
he galaxy’s far or near side. 

(vi) The asymmetry of the galaxy’s molecular gas distribution is
ot unexpected following a merger ev ent. Howev er, since jet activity
rom AGN is counterpoised, a similarly strong jet should exist in the
pposite direction to the molecular plume. If this counter-jet does or
id exist, it has not acted on any detectable quantities of molecular
as. More sensitive ∼1 GHz radio observations at moderate angular
esolution are needed to either confirm or rule out an intermediate
hase of radio activity which could have accelerated the plume. 
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