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A B S T R A C T 

We report LOFAR and Very Large Array ( VLA ) detections of extended radio emission in the spiral galaxy HCG 97b, hosted by 

an X-ray bright galaxy group. The extended radio emission detected at 144 MHz, 1.4 GHz, and 4.86 GHz is elongated along 

the optical disc and has a tail that extends 27 kpc in projection towards the centre of the group at GHz frequencies or 60 kpc at 
144 MHz. Chandra X-ray data show two off-nuclear ultra-luminous X-ray sources (ULXs), with the farther one being a plausible 
candidate for an accreting intermediate-mass black hole (IMBH). The asymmetry observed in both CO emission morphology 

and kinematics indicates that HCG 97b is undergoing ram-pressure stripping, with the leading side at the south-eastern edge 
of the disc. Moreo v er, the VLA 4.86 GHz image reveals two bright radio blobs near one ULX, aligning with the disc and tail, 
respectively. The spectral indices in the disc and tail are comparable and flat ( α > −1), suggesting the presence of recent 
outflows potentially linked to ULX feedback. This hypothesis gains support from estimates showing that the bulk velocity of 
the relativistic electrons needed for transport from the disc to the tail is approximately ∼1300 km s −1 . This velocity is much 

higher than those observed in ram-pressure stripped galaxies (100 −600 km s −1 ), implying an alternative mechanism aiding the 
stripping process. Therefore, we conclude that HCG 97b is subject to ram pressure, with the formation of its stripped radio tail 
likely influenced by the putative IMBH activities. 

K ey words: galaxies: indi vidual: HCG 97b – galaxies: interactions – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

he properties of galaxies within a dense environment are influenced
ia various mechanisms, such as mergers (e.g. Spitzer & Baade 1951 ;
ihos & Hernquist 1994a , b ; Springel 2000 ; Misquitta et al. 2023 ),

idal interactions (e.g. Byrd & Valtonen 1990 ; Valluri 1993 ; Mayer
t al. 2006 ; Chung et al. 2007 ; Łokas 2020 ), ram-pressure stripping
e.g. Gunn & Gott 1972 ; Quilis, Moore & Bower 2000 ; J ́achym
t al. 2014 ; Roberts et al. 2021a ), and viscous stripping (e.g. Nulsen
982 ; Quilis, Moore & Bower 2000 ; Roediger et al. 2015 ). Mergers
nd tidal interactions are primarily gravitational effects that affect
oth stellar and gas components of a galaxy, while the other two
re predominantly hydrodynamical effects that only influence the
as content of the galaxy. Ram-pressure stripping can ef fecti vely
 E-mail: hudan.bazhaoyu@gmail.com 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
emo v e the interstellar medium (ISM) from galaxies that are falling
nto cluster environments, leading to the subsequent formation of
as tails. The most extreme examples of galaxies undergoing intense
am-pressure stripping are so-called jellyfish galaxies (e.g. Smith
t al. 2010 ; Ebeling, Stephenson & Edge 2014 ; Fumagalli et al.
014 ; and see Boselli, Fossati & Sun 2022 , for a re vie w). 
Extended, one-sided gas tails from ram-pressure stripped galaxies

ere observed in some galaxy clusters via H α (e.g. Gavazzi et al.
001 ; Sun, Donahue & Voit 2007 ; Gavazzi et al. 2017 ), H I (e.g.
enney et al. 2014 ; Deb et al. 2020 ), CO (e.g. J ́achym et al. 2014 ,
019 ), X-ray emission (e.g. Sun et al. 2006 , 2010 ; Poggianti et al.
019 ), and radio continuum emission (Gavazzi & Jaffe 1987 ; Murphy
t al. 2009 ; Vollmer et al. 2009 , 2013 ; M ̈uller et al. 2021 ; Ignesti et al.
022 ; Roberts et al. 2022a ). In general, radio continuum emission
n ram-pressure stripped galaxies is mainly caused by non-thermal
ynchrotron emission of relativistic cosmic ray electrons (CRe),
hich are accelerated by supernovae (SNe) shocks [see e.g. Condon
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Properties of LOFAR and Very Large Array data. 

Telescope νc σ Resolution σ
′ a 

(MHz) (mJy beam 

−1 ) (arcsec × arcsec) (mJy beam 

−1 ) 

LOFAR 144 0 .22 16.90 × 10.60 0 .47 
Very Large Array 1400 0 .045 16.75 × 14.46 0 .050 

4860 0 .028 15.63 × 13.50 0 .038 
a The measurements of rms from new images after imaging with new parameters (see 
details in Section 3.2.2 ) and smoothing with a 20 arcsec × 20 arcsec Gaussian beam. 
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 1992 ) for a re vie w]. These relati vistic CRe are then stripped from the
alaxy by ram pressure due to the relative motion between the galaxy
nd the ambient environment and possibly further re-accelerated by 
urbulence, intracluster medium (ICM) shocks, or new SNe. As such, 
adio continuum emission presents a valuable complementary tool 
or studying the phenomenon of ram-pressure stripped tails. 

The process of ram-pressure stripping is generally observed in 
alaxy clusters due to their high ICM densities and large infall 
elocities. Ho we ver, the ram-pressure exerted by the intragroup 
edium (IGrM) is commonly considered to be inefficient, resulting 

n a stripping process extended over a longer time-scale ( ∼3 Gyr), as
upported by cosmological hydrodynamical simulation performed by 
man et al. ( 2021 ). Despite this, evidence of ram-pressure stripping

n galaxy groups is still observed (e.g. Davis et al. 1997 ; Si v akof f,
arazin & Carlin 2004 ; Kantharia et al. 2005 ; Machacek et al. 2005 ;
asmussen, Ponman & Mulchaey 2006 ). Recently, the number of 
nown ram-pressure stripped galaxies in galaxy groups was increased 
s Roberts et al. ( 2021b ) identified 60 jellyfish galaxies with ex-
ended, asymmetric radio continuum tails in low-mass systems with 
he LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al. 2017 , 
022 ), that has a high sensitivity ( ∼0 . 1 mJy beam 

−1 ) at low frequency
144 MHz). Ho we ver, it should be noted that ram-pressure stripping
ight not be the only mechanism explaining the gas morphology 

een in these low-mass systems, which might also be affected by 
idal interaction as suggested by the aforementioned authors or by 
ctive galactic nucleus (AGN) activity (e.g. Poggianti et al. 2017 ). 

To further investigate the gas removal from galaxies in the 
roup environment, we conducted a multiwavelength study of the 
piral galaxy HCG 97b (alternative name IC5359), which resides at 
100 kpc south-east of the central galaxy HCG 97a (IC5357) of the

alaxy group HCG 97. This galaxy is moderately inclined, appearing 
lose to edge-on but not completely perpendicular to our line of sight.
he bulge-to-total luminosity ratio is ∼0.08 using the SDSS g-band 
ata (Bizyaev et al. 2014 ). The mean Heliocentric radial velocity of
CG 97b is 6940 ± 74 kms −1 (Hickson et al. 1992 ), and the stellar
ass of HCG 97b is ∼1 . 7 × 10 10 M � estimated by using K s-band

uminosity (Bitsakis et al. 2011 ). The apparent diameter D 25 (defined 
y the isophote at the brightness of 25 mag arcsec −2 in the B band) of
he spiral galaxy HCG 97b is 1.23 ± 0.11 arcmin (from HyperLeda 
atabase; 1 Makarov et al. 2014 ), corresponding to 35 ± 3.1 kpc (1
rcmin ≈ 27 kpc), implying it is a large spiral galaxy comparable 
o our Milky Way (D 25 = 26 . 8 ± 1 . 1 kpc; Goodwin, Gribbin &
endry 1998 ). The results of this work suggest the presence of

wo off-nuclear X-ray sources that are likely ultra-luminous X-ray 
ources (ULXs), as well as an extended, one-sided radio tail that 
s being stripped by ram pressure resulting from the galaxy–IGrM 

nteraction. One of the ULXs may be a candidate for an acti v ated
ntermediate-mass black hole (IMBH) and has a potential link with 
he nearby radio tail. Therefore, HCG 97b presents an ideal case for
tudying ram-pressure stripped galaxies in the group environment 
nd investigating the potential contribution of ULXs/IMBH to the 
nhancement of ram-pressure stripping. 

Throughout this paper, we assume the standard flat � CDM 

osmology with parameters H 0 = 70 km s −1 Mpc −1 and �m 

= 1
�� 

= 0.27. At the redshift of HCG 97b ( z = 0.022), these values
esult in a scale of ∼27 kpc arcmin −1 and a luminosity distance of 97

pc. For the radio spectral index α, we use the convention S ν ∝ να ,
here S ν is the flux density at the frequency of ν. 
 http://leda.univ-lyon1.fr

2

R  

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

ll data were retrieved from public data archives to study the X-ray
mission, radio continuum emission, and molecular gas of the spiral 
alaxy HCG 97b. 

.1 Chandra obser v ations 

handra data analysed in this work were obtained using the S3 chip
f the Advanced CCD Imaging Spectrometer (ACIS) in the VFAINT 

ode on 2005 January 14 (ObsID 4988; 57.4 ks). We followed the
tandard procedure suggested by the Chandra X-ray Center by using 
he Chandra Interactive Analysis of Observations ( CIAO ) v4.15.1 and
handra Calibration Database ( CALDB ) v4.10.2 to carry out data

eduction. The detailed data reduction and analysis descriptions are 
rovided in Hu et al. ( 2021 ). In this work, the spectra were extracted
sing the CIAO tool specextract and fitted using XSPEC v12.13.0 
nd ATOMDB v3.0.9. 

.2 LOFAR obser v ations 

CG 97 is within the field-of-view of three pointings (with identifiers
f P354 + 01, P357 + 01, and ZwCL2341.1 + 0000) from the LoTSS
Shimwell et al. 2017 ), a deep surv e y with a typical sensitivity of
 . 1 mJy beam 

−1 at good ele v ations and a resolution of 6 arcsec
t the central frequency of 144 MHz. In all three 8-h duration
ointings, the target HCG 97 is significantly offset from the pointing
entre ( > 1 deg ). To combine the data and impro v e upon the standard
ipeline-processed image quality, we extracted and re-calibrated the 
OFAR data following the procedure outlined in van Weeren et al.
 2021 ). To do this we first defined a target region with a radius of
0 . 6 deg to include both HCG 97 and enough bright sources for

uccessful re-calibration. Then, sources outside of this region were 
emo v ed using the full direction-dependent calibration solutions 
using kMs and DDFacet; Tasse 2014 ; Tasse et al. 2018 ) before the
hase centres of visibilities were shifted to the centre of the target
egion. Before combining the three sets of visibility data, we carried
ut a beam response correction and updated the visibility weights 
ccordingly . Finally , the re-calibrated step was performed with three
ounds of ‘tecandphase’ calibration and gain calibration using the 
efault Pre-Processing Pipeline ( DPPP ; van Diepen, Dijkema & 

ffringa 2018 ). The final image was produced with WSClean
Offringa et al. 2014 ) with a Briggs robust (Briggs 1995 ) parameter
f 0.0. The rms of the final image is 0 . 22 mJy beam 

−1 with a beam
ize of 16.90 arcsec × 10.60 arcsec (see Table 1 ). Due to projection
ffects and the low declination of our target, the sensitivity is lower
han is achieved for higher elevation LoTSS fields but is consistent
ith other low declination LOFAR studies (e.g. Hale et al. 2019 ). 

.3 VLA obser v ations 

adio continuum data of the galaxy group HCG 97 at GHz fre-
uencies were retrieved from the Very Large Array ( VLA ) archives.
MNRAS 527, 1062–1080 (2024) 
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wo VLA observations were taken on 2006 No v ember 13 and 2007
pril 7 (Project ID: AY171) in the C- and D-configuration with

entral frequencies of 1.4 GHz and 4.86 GHz, respectively. The total
bservation time for each configuration is around 2.35 h. The pre-
pgrade VLA data were analysed and calibrated by using the Common
stronomy Software Applications ( CASA ) package (McMullin et al.
007 ) basically following the official ‘Jupiter continuum calibration
utorial’ 2 provided by NRAO. In brief, we applied the automatic flag-
ing algorithm tfcrop to identify and remo v e the radio frequency
nterference, and used 0137 + 331 (3C48) as the flux calibrator and
059 + 001 as the phase calibrator to determine the gain solutions for
he target (see Grossov ́a et al. 2022 for more detail). Subsequently,
urther flagging and calibration steps were applied to enhance the
uality of the images. After an initial imaging, at least one round
f self-calibration was e x ecuted to refine the calibration. We used
he CASA task tclean with the gridding algorithm wproject and
ultiscale clean techniques to address widefield non-coplanar
aseline effect and ensure proper imaging of the extended radio emis-
ion. The target was finally imaged with a Briggs robust 0.0 weighting
fter the primary-beam correction. The resulting images reach an rms
oise of 0.045 mJy beam 

−1 and 0.028 μJy beam 

−1 and the synthe-
ized beam sizes of 16.75 arcsec × 14.46 arcsec and 15.63 arcsec ×
3.50 arcsec at 1.4 GHz and 4.86 GHz (see Table 1 ), respectively. 

.4 ALMA obser v ations 

he molecular disc traced by the CO (2-1) line transition of
he spiral galaxy HCG 97b was observed by the 12-m Atacama
arge Millimeter/submillimeter Array (ALMA) and 7-m Atacama
ompact Array (ACA; Project ID: 2018.1.00657.S). Using the
and 6 receiver, a spectral window centred around the CO (2-1)

ine at 225.262 GHz. The data were calibrated using the ALMA
alibration pipeline (version 42030M) in CASA (version 5.4.0–68)
nd then imaged with the Briggs weighting (robust = 0.5) to balance
he sensitivity and resolution. The spectral resolution is 8 MHz,
orresponding to 10 km s −1 . The resulting synthesized beams in
2-m ALMA and 7-m ACA image data cubes are 0.53 arcsec × 0.42
rcsec and 7.73 arcsec × 4.36 arcsec, respectively . Correspondingly ,
he achieved rms noises for these data cubes are 3 mJy beam 

−1 and
 mJy beam 

−1 , respectively. 

 RESU LTS  

.1 X-ray properties of two X-ray sources in HCG 97b 

he exposure-corrected 0.5–7 keV Chandra ACIS image and DE-
aLS (Dey et al. 2019 ) g-band optical image of HCG 97 are presented

n Fig. 1 , as well as the zoom-in images of the spiral galaxy HCG 97b.
-ray emission of the group shows a clear X-ray plume extending

outh-east from the group centre, indicating a disturbed galaxy group.
t the location of the spiral galaxy HCG 97b, there are two X-ray

ources (X1 and X2). These two X-ray sources were also identified
y wavdetect with the scale parameters of 1.0, 2.0, 4.0, 8.0,
6.0, and the significance threshold ( sigthresh ) of 10 6 . The X2 is
oint-like whilst X1 has an elongated shape with major- and minor-
xis diameters of ∼7.0 and 3.6 arcsec, respectively. Neither X1 nor
2 is the central AGN as they are off-nuclear and have projected

eparations of ∼0.86 kpc ( ∼1.9 arcsec) and ∼5.2 kpc ( ∼11.6 arcsec),
NRAS 527, 1062–1080 (2024) 

 https:// casaguides.nrao.edu/ index.php/ Jupiter: continuum polarization 
alibration 

3

w

espectively, from the optical centre of the galaxy (marked as a red
iamond in Fig. 1 ). 
In order to investigate the nature of these two X-ray sources,

e extracted the spectra from circular regions (s1 and s2; see
ig. 2 ) with radii of 6 and 5 arcsec for sources X1 and X2,
espectively. Concerning the possible contamination from group
mission, the background spectrum was extracted from an annular
egion spanning from 15 to 45 arcsec (bkg; see Fig. 2 ) and encircling
wo point sources. To model the spectra of two X-ray sources, we
sed an absorbed power-law model ( phabs ∗phabs ∗powerlaw ):
he first absorption component was set equal to the line-of-sight
alactic absorption N H = 3 . 4 × 10 20 cm 

−2 (HI4PI Collaboration
016 ), while the other one was set to be free to account for the
ossible intrinsic absorption of the source. The spectra were fitted
nd analysed using the Bayesian X-ray Analysis (BXA; Buchner
t al. 2014 ) software and C-statistic to acquire well-defined parameter
onstraints for spectra with a low number of counts. 

For the source X1, the best-fitting photon index is � =
.65 ± 0.87 and the absorption column density is N H = 0 . 42 ±
 . 26 × 10 22 cm 

−2 . While for source X2, because of the low number
f counts in the region s2, the parameter of the photon index cannot
e well constrained. Therefore, we fixed the photon index at 1.6 3 

nd obtained N H = 2 . 28 ± 0 . 57 × 10 22 cm 

−2 , indicating a mildly
bscured source. This is consistent with source X2 being surrounded
y molecular gas that can be seen in the CO distributions (see
ection 3.3 ). The absorbed 2–10 keV X-ray luminosities of X1
nd X2 are L X1 , 2 −10 keV = 3 . 78 × 10 39 erg s −1 and L X2 , 2 −10 keV =
 . 80 × 10 40 erg s −1 , respecti vely. The deri ved X-ray luminosities
ndicate that the off-centre X-ray sources X1 and X2 could be
LXs ( L X > 10 39 erg s −1 ; Kaaret, Feng & Roberts 2017 ). Wang

t al. ( 2016 ) supports this classification as these two sources (names
C5359-X1 and IC5359-X2) were listed as ULXs in their X-ray point
ource catalogue. 

Near X1, we notice a faint, small-scale X-ray excess, which
ould be a potential X-ray source (X3; see Fig. 1 ), although the
avdetect failed to identify it. Furthermore, the spectrum of this

aint X-ray substructure could not be constrained due to the low-
ounts limitation. Since the X-ray sources X1 and putative-X3 reside
n projection on either side of the optical galaxy centre (see the red
iamond in Fig. 1 ), it is possible that these are fingerprints of two
tar-forming regions at the two sides of the galactic bar or along
t. X3 is fainter than X1, which might be because of an apparent
ust lane co v ering X3, while X1 is not obscured by the dust (see
omposite DECaLS image in Fig. 3 ). It is also possible that sources
1 and X3 correspond to jets, but we have not yet been able to assess

his with radio data at sufficient angular resolution. Future deeper
-ray data and high-resolution radio studies are needed to assess

hese scenarios. 

.2 Radio properties of the spiral galaxy HCG 97b 

.2.1 Radio ima g e 

he radio images of HCG 97b derived from LOFAR 144 MHz,
LA 1.4 GHz and 4.86 GHz are presented in Fig. 4 along with the
ptical image. All radio images reveal an asymmetric morphology,
haracterized by the radio luminous region located at the disc, along
ith distinct extraplanar radio emission. In the VLA 1.4 GHz and
 We have tested different indices, i.e. from 1.5 to 2.0, the variation in the N H 

as within 20 per cent, which still suggests source X2 is an obscured source. 

https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
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Figure 1. Top: Exposure-corrected 0.5–7 keV Chandra ACIS image of HCG 97 (left) and the DECalS g-band optical image (right). Five member galaxies of 
HCG 97 are marked. Bottom: Zoom-in view of HCG 97b on the Chandra image (left) and DECalS g-band image with optical contours (right). wavdetect 
regions are presented with two ellipses. For source X1, the major- and minor-axis diameters are ∼7.0 and 3.6 arcsec, respectively; for X2, the major- and 
minor-axis diameters are ∼6.6 and 6.0 arcsec, respectively. X-ray sources X1 and X2 are marked with a cross and plus sign, respectively. The optical centre is 
marked with a diamond. The label X3 indicates an extended X-ray source candidate potentially related to the source X1. 
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.86 GHz images, the radio emission is curved in the north-west 
egion of the disc, roughly corresponding to the position of X2, and
xtends ∼27 kpc ( ∼1 arcmin) in projection outside the disc toward
he north-west. We refer to this emission as a radio tail hereafter. This
adio tail was visible in Bharadwaj et al. ( 2014 ), who used 1.4 GHz
RAO VLA Sk y Surv e y (NVSS) radio contours, but this was not the

ocus of their study . Interestingly , we find two bright radio blobs, one
bo v e the disc, and another one outside the disc but near the position
f X2 in the VLA 4.86 GHz image, potentially indicating a pair of
obes related to the ULX X2. The morphology of the radio tail is
ot straight and shows evidence of distortion. This might indicate a
ossible interaction between the radio tail and the IGrM. 
The radio tail is also obvious at 144 MHz and is more extended

han at GHz frequencies. At the western end of the radio tail, there is
 strip of radio emission detected abo v e 3 σ in the LOFAR 144 MHz
mage that is possibly an outer part of the radio tail of HCG 97b
we refer to it as an extended tail hereafter), resulting in a total
ength of ∼60 kpc at low frequency . Interestingly , as presented in
ig. 5 , > 5 σ contours on the LOFAR 144 MHz image show that

here is a decline in brightness in the region between the radio tail
MNRAS 527, 1062–1080 (2024) 
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M

Figure 2. Regions used to extract spectra are presented in the zoom-in 
Chandra image. 

Figure 3. Composite DECalS optical image using g-, r-, and z-band data. 
X-ray sources X1 and X2 are marked with a cross and plus sign, respectively. 
The optical centre is marked with a red diamond. The dust lane is also labelled. 
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4 The integrated flux densities of this source (2CXO J234727.3-021917; from 

NED) are measured as < 3.13 mJy, 1.04 ± 0.10 mJy, and 0.97 ± 0.08 mJy at 
144 MHz, 1.4 GHz, and 4.86 GHz, respectively. The derived spectral index is 
−0.11 after fitting the three flux densities with a power-law model, suggesting 
it could be a blazar with a flat spectrum within the MHz to GHz frequency 
range (Healey et al. 2007 ; Massaro et al. 2014 ; d’Antonio et al. 2019 ) or a 
variable source on a time-scale of fewer than the interval between two VLA 

observations, i.e. 5 months. 
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nd the extended tail. Furthermore, the location of the extended
ail coincides with the end part of the X-ray plume from the group
entre (or X-ray halo of HCG 97a; also see Fig. 5 ). This suggests
he possibility of an interaction between the extended tail and the
GrM within the X-ray plume, which may lead to the re-ignition of
ged radio plasma in the region of the extended tail, possibly due
o turbulence or compression. Additionally, we have identified two
egions of diffuse radio emission with relatively low significance,
ituated to the south-west of HCG 97b (see Fig. 4 ). These regions
ould potentially represent a second radio tail linked to HCG 97b
ince there is a lack of clear optical counterparts corresponding to
his radio emission, particularly for those regions where the emission
xceeds an rms level of > 5 σ . To substantiate this observation, it is
ssential to acquire more e xtensiv e and comprehensiv e radio data, as
ell as other wavelength data (e.g. H α data). 
NRAS 527, 1062–1080 (2024) 
.2.2 Radio spectrum 

o assess the radio spectrum of HCG 97b, we re-imaged LOFAR
nd VLA data with the same lower UV-cut (250 λ), Briggs weighting
 −0.7), and outer UV-taper (10 arcsec). The resulting images were
lso convolved to the same resolution (20 arcsec × 20 arcsec) and
e-grided to have the same pixel scale (see Fig. 6 ). The measurements
f rms ( σ ′ ) from these images are presented in Table 1 . 
To measure the integrated flux density of radio emission within

he disc, tail, and e xtended tail at three frequenc y bands, we selected
hree regions, which are presented in Fig. 7 . These regions were set
o co v er the entire disc and tail with emissions abo v e 5 σ ′ in each
OFAR and VLA image, and the flux densities from LOFAR and
LA images were measured in each region. The extended tail is not
etected at two VLA frequencies, but at nearly the position of the
xtended tail, we notice a bright point source at 4.86 GHz and far
ainter at 144 MHz. 4 The error on the flux density ( σS ν ) was estimated
aking into account the image noise and calibration uncertainty as
ollows: 

S ν = 

√ 

( N beam 

× σ 2 
rms ) + ( f × S ν) 2 (1) 

here N beam 

is the number of beams co v ering the entire re gion of
nterest, σ rms is the local rms noise of the image, and f is the flux
cale uncertainty. Here, we adopted f = 10 per cent for LOFAR
bservation (Shimwell et al. 2022 ) and f = 5 per cent for VLA
bservations (Perley & Butler 2017 ). 
In Table 2 and Fig. 8 , we present the flux density measurements

nd the spectra of the radio emission in the disc and tail of HCG 97b,
espectively. The radio spectra in the disc can be well described by a
imple po wer-law model, re vealing a spectral index of −0.83 ± 0.04.

hile the radio spectra in the tail exhibit a curvature, which is
etter characterized by an exponential cut-off model described by
he equation 

 ( ν) ∝ ναe 
− ν

νb (2) 

here α is the injection spectrum, and νb is the break frequency. The
est-fitting parameters indicate a relatively flat injection spectrum
 αtail = −0.56 ± 0.09) within the tail and a break frequency at
9.48 GHz. The flattening trend in the spectra for both disc and tail

s also revealed by the spectral index maps (see Fig. 9 ). We used
moothed images at 144 MHz, 1.4 GHz, and 4.86 GHz to generate
he spectral index maps of radio emission from the disc to tail in two
requency bands, i.e. 144 MHz–1.4 GHz and 1.4 GHz–4.86 GHz. In
ach image, only radio emission abo v e 3 σ ′ was used to calculate the
pectral index. Due to the 20 arcsec × 20 arcsec resolution and the
alaxy being nearly edge-on, the spectral index distribution within
he disc cannot be well-resolved. Ho we ver, general consistency exists
etween the spectra ( −0.8 � α � −0.4) in the low-frequency band
nd the spectra ( −1 � α � −0.4) in the high-frequency band.
he spectra along the tail are quite uniform and flat ( α � −1) in
oth frequency bands, and also comparable to those in the disc. The
atness in the tail is potentially influenced by the bright radio blob
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Figure 4. Top-left: LOFAR image of HCG 97b at 144 MHZ with a beam size of 16.9 arcsec × 10.60 arcsec. Contours show 3 σ , 5 σ , 7 σ , 10 σ , and 15 σ flux 
density levels of radio continuum emission (unit: Jy beam 

−1 ). The radio tail, extended tail, and possible southern tail with low significance are all labelled. 
Top-right: VLA image of HCG 97b at 1.4 GHz with a beam size of 16.75 arcsec × 14.46 arcsec. Contours show 3 σ , 5 σ , 10 σ , 15 σ , and 20 σ flux density levels 
of radio continuum emission. Bottom left: VLA image of HCG 97b at 4.86 GHz with a beam size of 15.63 arcsec × 13.50 arcsec. Contours show 3 σ , 5 σ , 7 σ , 
and 10 σ flux density levels of radio continuum emission. Values in three radio images are in a unit of Jy beam 

−1 . Bottom-right: DECaLS g-band image with 
144 MHz contours. Two X-ray sources, X1 and X2, are marked with a cross and plus sign, respectively. A bright point source (2CXO J234727.3-021917) was 
also labelled. 
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bserved in the tail at 4.86 GHz. We will discuss it in detail in
ection 4.2.3 . 

.3 CO emission in HCG 97b 

.3.1 CO distribution 

he integrated intensity maps of the CO (2-1) emission observed with
2-m ALMA and 7-m ACA are presented in Fig. 10 . These maps
ere generated using a signal masking tool maskmoment . 5 The 
ask, within which moment maps are generated, is defined based 

n a contour with a high significance level of 5 σ . This contour is
hen expanded to include a surrounding lower-significance contour 
f 3 σ , and is required to co v er at least two channels at all pixels.
 https:// github.com/ tonywong94/ maskmoment

t  

d  

a  
he CO emission only appears in the disc region and is not detected
n the radio tail region. In both the 12-m and 7-m integrated CO
ntensity maps, the CO emission displays asymmetric morphology. 
pecifically, the CO (2-1) emission on the south-eastern side of 

he disc is more intense compared to its counterpart, with a slight
xtension ∼1.5 arcsec ( ∼0.67 kpc) from the optical major axis toward
he north-east (we labelled it as an ‘upturn’ feature in Fig. 10 ). 

To further understand the CO distribution and its relationship with 
he stellar component, we o v erlaid the 12-m and 7-m integrated
O intensity contours on the composite DECaLS image, as shown 

n Fig. 11 . The optical image with high-resolution 12-m ALMA
ontours reveals that the central CO emission exhibits an elliptical 
olecular gas distribution, consistent with the minor inclination of 

he stellar disc. Notably, on the south-east side of the disc, the
istribution of the molecular gas in the ‘upturn’ feature is closely
ligned with both the dust and the blue stellar components, which
MNRAS 527, 1062–1080 (2024) 
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Figure 5. Exposure-corrected 0.5–1.2 keV Chandra ACIS image of HCG 97 
with LOFAR 144 MHz contours starting from 5 σ . 
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how a gentle bent toward the south-west. Ho we ver, the optical bent
s absent on the north-west side of the stellar disc. 

.3.2 CO kinematics 

he intensity-weighted velocity and dispersion maps derived from
he 7-m data are also presented in Fig. 10 . These maps reveal
 maximum and the minimum velocity for the molecular gas of
877 . 8 km s −1 and 6440 . 9 km s −1 , respectively, yielding an o v erall
elocity differential of approximately 437 km s −1 . This suggests that
olecular gas follows the galactic disc rotation at an approximate

peed of 218 km s −1 . Furthermore, the position–velocity diagram
PVD) along the major axis is presented in Fig. 12 . The PVD
f HCG 97b shows asymmetric kinematics; while the north-west
right) side appears undisturbed, the south-east (left) side exhibits
nomalous behaviour. Specifically, a sudden velocity spike occurs
t r = 18 arcsec ( ∼8 kpc) following a plateau in the rotation curve
etween r = 10 arcsec − 18 arcsec . To highlight this asymmetry, we
 v erlay the contours from the right side of the galaxy onto the left
ide, suggesting the presence of a recent perturbation in the outer
outh-east region of the disc. This pattern resembles the observation
n the ram-pressure stripped galaxy NGC 4402 (Cramer et al. 2020 ).

.4 Molecular gas mass estimation 

he total molecular gas mass can be estimated by using M H 2 =
CO L 

′ 
CO , and the CO line luminosity can be calculated following the

quation (Solomon & Vanden Bout 2005 ): 

 

′ 
CO = 3 . 25 × 10 7 S CO 
υν−2 

obs D 

2 
L (1 + z) −3 (3) 

here S CO 
υ is the CO velocity integrated line flux in Jy km s −1 ,
obs is the observing frequency in GHz, and D L is the luminosity
istance in Mpc. Here, we adopted an average CO (2–1)/CO (1–0)
ine ratio (R21) of 0.64 (den Brok et al. 2021 ) and a CO(1–0)-
o-H 2 conversion factor of αCO = 4 . 4 M � pc −2 (K km s −1 ) −1 after
orrecting the contribution of helium with a factor of 1.36 (den Brok
t al. 2023 ). Therefore, the derived CO (2-1) luminosity of HCG 97b
NRAS 527, 1062–1080 (2024) 
s about 3 . 6 × 10 8 K km s −1 pc 2 and the total molecular gas mass
 H 2 is ∼2 . 47 × 10 9 M �. 
To exhaust all the molecular gas in HCG 97b at the star formation

ate of about 1.19 M � yr −1 estimated by using the far-infrared lu-
inosity ( L FIR = 3 . 39 × 10 9 L �; obtained from Martinez-Badenes

t al. 2012 ), the gas depletion time τ dep is estimated to be around
2.1 × 10 9 yr. This is consistent with the average molecular gas

epletion time for the discs of normal spiral galaxies ( ∼2 × 10 9 yr;
.g. Bigiel et al. 2008 ; Leroy et al. 2013 ), suggesting that the current
tar formation behaviour in HGC 97b is relatively normal. 

 DI SCUSSI ON  

e report the detection of extended radio emission from the spiral
alaxy HCG 97b. The LOFAR and VLA continuum images show
longated emission along the plane of the disc and extended toward
he north-west with a ∼27 kpc radio tail. The radio tail extends to

60 kpc in the LOFAR 144 MHz image, and the outer part of it, i.e. the
xtended tail (marked in Fig. 4 ), is potentially associated with the X-
ay plume from the group centre (or HCG 97a). The two off-nuclear
-ray sources detected in the spiral galaxy with 2–10 keV luminosity
10 39 − 10 40 erg s −1 have properties that are consistent with ULXs.
he source X2 is mildly obscured ( N H = 2 . 28 ± 0 . 57 × 10 22 cm 

−2 ),
hich is consistent with its location within the north-western CO

mission peak. Moreo v er, the CO emission in the galaxy displays
symmetric morphology, with the south-eastern side showing greater
ntensity and alignment with dust and blue stellar components. The
VD reveals asymmetric kinematics, with a sudden velocity spike in

he south-east, likely indicative of a recent disturbance such as ram-
ressure stripping (e.g. Lee et al. 2017 ; Cramer et al. 2020 ; Sardaneta
t al. 2022 ; Roberts et al. 2022b ; Cramer et al. 2023 ). 

.1 Mass estimation of the black holes 

LXs are generally considered the most likely candidates for
MBHs. The black hole mass could be estimated based on the
ssumption of the Eddington ratio ( λEdd = L bol / L Edd ), and is given
y 

 BH ∼ κbol L X σT 

4 πGλEdd m p c 
∼ 7 . 96 × 10 4 

(κbol 

10 

)

×
(

L X 

1 . 0 × 10 40 erg s −1 

) (
λEdd 

10 −2 

)−1 

M � (4) 

here κbol is the bolometric correction and L X is the 2–10 keV
-ray luminosity. Here, we scaled κbol , L X , and λEdd to their typical
 alues. Belo w, we consider two basic modes of accretion – radiatively
nefficient with λEdd ≤ 10 −2 and the standard-disc accretion with λEdd 

1. These two accretion modes then determine different ranges for
he bolometric-correction factor as a function of L X . 

Assuming a radiatively inefficient mode, we used the
uminosity-dependent bolometric correction given by κbol ≈ 13 ×
 L X / 10 41 erg s −1 ) −0 . 37 , which is derived for low-luminosity
dvection-dominated accretion flow (ADAF) mode of accretion for
LAGNs (Nemmen, Storchi-Bergmann & Eracleous 2014 ). For

he sources X1 and X2, the resulting X-ray bolometric correction
actors ( κbol ) are 43.7 and 24.5, and the corresponding bolometric
uminosities ( L bol ) are 1 . 65 × 10 41 ergs −1 and 4 . 41 × 10 41 ergs −1 ,
espectiv ely. F or the ADAF model of accretion, the Eddington ratio
s required to be small enough λEdd ≤ 10 −2 . If we adopt the upper
imit of the Eddington ratio λEdd ( ∼10 −2 ), the lower limits of black
ole masses for sources X1 and X2 can be obtained as 1 . 3 × 10 5 M �
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Figure 6. Same as Fig. 4 , but all radio images were imaged with new parameters (see details in Section 3.2.2 ) and smoothed with a 20 arcsec × 20 arcsec 
Gaussian beam. Contours show 3 σ ′ , 5 σ ′ , 10 σ ′ , 15 σ ′ and 20 σ ′ flux density levels of radio continuum emission. 

Figure 7. LOFAR 144 MHz image with regions selected to measure the 
integrated flux density. The ellipse, polygon, and box r epr esent the disc, 
tail, and extended tail region, respectively. 
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nd 3 . 5 × 10 5 M �, respecti vely. In the radiati vely inef ficient mode,
he Eddington ratio is not expected to be smaller than λEdd ≤
.5 × 10 −3 since then the X2 mass exceeds 10 6 M �, which is
nconsistent with the absence of the major merger fingerprints. 
f the accretion proceeds ef fecti vely via a standard disc with an
ddington ratio close to the unity ( λEdd ∼ 1), the X1 and X2 masses
ould be pushed e ven lo wer. In this case, we used the bolometric

orrection κbol = 7 × ( L X / 10 42 ergs −1 ) 0 . 3 for a thin disc following
etzer ( 2019 ) and derived the κbol as 1.3 and 2.1 for the X1 and X2
–10 keV luminosity , respectively . Therefore, the black hole masses
re 39.5 M � and 300.4 M � for sources X1 and X2, respectively.
his shows that the X2 is consistent with being an IMBH, while X1
ould even be a stellar-mass black hole accreting close to or even
xceeding an Eddington rate. While if a super-Eddington accretion 
 λEdd ≈ 10 2 ) is assumed, the black hole mass of X1 and X2 are 0.4
 � and 3.0 M �, respectively, placing them both within the stellar-
ass black hole range. The measurements of black hole masses are

lso summarised in Table 3 . 
A further way to ascertain the black hole mass is to use the

undamental plane correlation between X-ray luminosity and 
adio luminosity (Merloni, Heinz & di Matteo 2003 ; Plotkin 
t al. 2012 ; Dong, Wu & Cao 2014 ; G ̈ultekin et al. 2019 ).
ince we detected no compact radio sources spatially co-aligned 
ith X1 and X2, we estimated limits on the integrated radio
MNRAS 527, 1062–1080 (2024) 
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Table 2. Properties of radio continuum emission of HCG 97b. 

Region S 144 MHz S 1.4 GHz S 4.86 GHz α1 . 4 GHz 
144 MHz α4 . 86 GHz 

1 . 4 GHz 
(mJy) (mJy) (mJy) 

Disc 26.45 ± 3.02 4.56 ± 0.35 1.41 ± 0.14 −0.77 ± 0.06 −0.94 ± 0.05 

Tail 19.63 ± 2.52 4.86 ± 0.38 1.69 ± 0.17 −0.61 ± 0.07 −0.85 ± 0.06 

Extended tail 18.09 ± 2.47 − − − −

Figure 8. Radio spectra in the disc and tail of HCG 97b at three frequencies. 
The best fits for the disc and tail are also presented. 

l  

a  

f  

L  

c  

(  

(  

m  

≤  

f

4

T  

t  

k  

p

4

T  

F  

n  

E  

1  

a  

n  

8  

r  

f  

4  

a  

d  

(  

s  

e  

p  

c  

M  

w  

t  

t  

t
 

t  

a  

o  

o  

H  

e  

N  

d  

t  

i  

c  

t  

g  

p  

W  

1  

s  

X  

i  

b  

r  

s  

a  

(  

H  

g  

t  

e

4
i

T  

t  

g  

c  

o
 

i  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/1/1062/7328953 by guest on 05 D
ecem

ber 2024
uminosities using the same regions as in the X-ray spectral
nalysis (see Section 3.1 ). The upper limits of the radio luminosities
or X1 and X2 are L X1 , 4 . 8 GHz = 4 . 03 × 10 36 erg s −1 and
 X2 , 4 . 8 GHz = 3 . 16 × 10 36 erg s −1 . Following the Fundamental Plane
orrelations proposed by G ̈ultekin et al. ( 2019 ), log( M BH / 10 8 M �) =
0 . 55 ± 0 . 22) + (1 . 09 ± 0 . 10)log( L R , 5 . 0 GHz / 10 38 erg s −1 ) +
 −0 . 59 + 0 . 16 

−0 . 15 )log( L X , 2 −10 keV / 10 40 erg s −1 ), the black hole
asses are constrained as ≤ (1 . 9 ± 1 . 3) × 10 7 M � for X1 and
(5 . 8 ± 3 . 9) × 10 6 M � for X2, which also suggests the X2 could

all into the IMBH mass range. 

.2 Ram-pr essur e stripped radio tail 

he observ ed e xtended, one-sided asymmetric shape of the radio
ail, in conjunction with the asymmetry in CO morphology and
inematics, suggests that the galaxy may be experiencing ram
ressure, likely giving rise to the formation of a stripped radio tail. 

.2.1 Ram pr essur e dir ection 

he stellar disc and molecular gas distributions in HCG 97b (see
igs 11 and 13 ) exhibit a bent or ‘upturn’ feature which offsets to the
orth of the major axis. Correspondingly, in the Galaxy Evolution
xplorer (GALEX) near-UV (NUV) image (the bottom panel of Fig.
3 ), the peak NUV emission coincides with this ‘upturn’, implying
 similar offset distribution for young stars. Given that HCG 97b is
ot a real edge-on galaxy – with an estimated inclination angle of
5 ◦–88 ◦, this ‘upturn’ feature is likely not an extraplanar feature but
ather indicative of a non-axisymmetric disc feature. These observed
eatures in HCG 97b resemble those in the Virgo cluster galaxy NGC
654. NGC 4654 has two asymmetric spiral arms, where the shorter
rm ends in a bright star-forming region at the outer edge of the gas
NRAS 527, 1062–1080 (2024) 
isc, aligning with the leading side of the ram pressure interaction
Koopmann & Kenney 2004 ; Chung et al. 2009 ). The distributions of
tars and gas in NGC 4654 are believed to be the result of combined
ffects, including gravitational interaction ( ∼500 Myr ago) and ram
ressure stripping (ongoing; Vollmer 2003 ). Therefore, HCG 97b
ould resemble the NGC 4654 but viewed from a different angle.
oreo v er, the radio tail of HCG 97b is extended toward the north-
est and radio contours on the south-east side are compressed and

ight compared with those on the other side (see Fig. 4 ), suggesting
he direction of the ram pressure should be from the south-east (see
he indication of the ram pressure direction in Fig. 13 ). 

This scenario is also indicated by the elongated X-ray plume from
he central galaxy HCG 97a toward the south-east, presented in Figs 1
nd 5 . Since the X-ray plume is roughly extended in the direction
f HCG 97b, it is likely an X-ray tail stripped from the hot gas halo
f HCG 97a or the central IGrM during the past interaction between
CG 97a and HCG 97b. This is also the case for M86, with a possible

ncounter of NGC 4438 first reported in Kenney et al. ( 2008 ), and
GC 4438 shows a clear sign of tidal interaction. Ho we ver, the
isc morphology of HCG 97b is not strongly perturbed, suggesting
hat the X-ray plume might have been formed in the past by the
nteraction between HCG 97a and other galaxies. Alternatively, it
ould also be a scenario that HCG 97b with a sub-group fell into
he main group HCG 97 in the past, and the X-ray halo of the sub-
roup was grabbed by the main group during the first pericentric
assage, forming an X-ray plume pointing to the motion direction.
e also notice that the extended radio tail detected in the LOFAR

44 MHz image coincides with the end of the X-ray plume. This
cenario could be that the striped tail of HCG 97b encountered the
-ray plume, and then the low-frequency radio emission was ‘re-

gnited’ by the turbulence or compression possibly triggered by the
ulk motion in the X-ray plume. Considering a typical radiative time
ange of CRe at 144 MHz ( ∼1–2 × 10 8 yr; Basu et al. 2015 ), the
tripped scale of the radio tail could be estimated as ∼36–74 kpc after
ssuming that the velocity of CRe follows the relative galaxy velocity
 v ≈ 360 km s −1 ), which is the difference between the velocities of
CG 97b ( cz HCG 97b = 6940 km s −1 ; Hickson et al. 1992 ) and the
roup mean ( cz HCG 97 = 6579 km s −1 ; Jones et al. 2023 ). It suggests
hat there could exist old radio plasma at the 60 kpc radio tail still
mitting radio emission at 144 MHz. 

.2.2 Capabilities of ram-pr essur e stripping and gravitational 
nteraction 

heoretically, ram-pressure stripping and gravitational or tidal in-
eractions are inevitable phenomena for galaxies orbiting within a
alaxy group environment. To quantify these effects for HCG 97b, we
onduct approximate calculations to estimate the relative capabilities
f the ram-pressure stripping and gravitation interaction. 
To derive the distributions of the ram pressure and radial tidal

nteraction, we first determine the electron number density and total
ass of the HCG 97 group by using a revised thermodynamical
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Figure 9. Spectral index (left) and error (right) maps of radio emission of HCG 97b. LOFAR 144 MHz contours and VLA 1.4 GHz contours derived from the 
smoothed LOFAR image and VLA image are o v erlaid on 144 MHz–1.4 GHz and 1.4 GHz–4.86 GHz plots, respectively. All contours are starting from 5 σ ′ . The 
beam shape with a size of 20 arcsec × 20 arcsec is also marked at the right-bottom corner with a filled circle. 
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CM (RTI) model [see Zhu et al. ( 2016 , 2021 ) for details of the RTI
odel], and present the results with 68 per cent confidence level in
ig. 14 . 
Following the method described in J ́achym et al. ( 2014 ), the ram

ressure can be estimated as 

 ram 

= ρgas , IGrM 

υ2 = μe m u n e , IGrM 

υ2 (5) 

here ρgas,IGrM 

= μe m u n e,IGrM 

is the gas mass density of the group
t the position of the galaxy, m u is the atomic mass unit, and υ
s the 3D infalling velocity of HCG 97b. Since the relative galaxy
elocity ( ∼360 km s −1 ) is lower than the group velocity dispersion
 σHCG 97 ≈ 371 . 5 km s −1 ; Hickson et al. 1992 ), we adopt the group
elocity dispersion here to approximate the 3D infalling velocity 

( ≈ √ 

3 σHCG 97 ). Then, we compare the ram pressure acting on 
he galaxy’s atomic gas with the gravitational restoring force in the 
alaxy. The latter can be approximated by the centrifugal force at the
alaxy’s outer radius ( R ) with an expression of a = v 2 rot /R, where
 rot = 218 km s −1 is the rotation velocity obtained from the ALMA
ata (see Section 3.3 ). Assuming a typical column density ( � H I ∼
0 M � pc −2 ) of the galaxy’s atomic gas and a flat rotation curve, the
adius R can be associated with the stripping radius, which can be
stimated as 

 strip = v 2 rot � H I /P ram 

(6) 

he derived ram pressure and stripped radius are present in Fig. 15 . 
Following the calculations provided by Henriksen & Byrd ( 1996 ) 

nd Cortese et al. ( 2007 ), we calculate the strength of the galaxy-
roup gravitational interaction as HCG 97b falling into the group 
otential well. It can be quantified based on the comparison between 
he radial tidal acceleration ( a rad ) and internal galaxy acceleration 
 a gal ), which are given by 

 rad = GM pert 

[
1 

r 2 
− 1 

( R + r) 2 

]
(7) 

 gal = 

GM dyn 

R 

2 
(8) 

here M pert is the total mass of the perturber (i.e. galaxy group HCG
7) within r , M dyn is the dynamic mass of the perturbed galaxy (i.e.
CG 97b), R is the radius of the perturbed galaxy, and r is the

eparation between the perturber and perturbed galaxy. The radial 
idal acceleration has the effect of pulling the matter at either side
f the disc away from the galaxy and approaching the perturber. We
stimate the dynamic mass of HCG 97b ( M dyn ∼ 7 × 10 11 M �) based
n the stellar mass–halo mass relationship provided by Behroozi, 
echsler & Conroy ( 2013 ). If the radial tidal acceleration is stronger

han the internal galaxy acceleration, the matter on the infalling 
alaxy is able to be stripped. The corresponding stripped radius (i.e.
runcation radius R trunc ) can be estimated by 

 trunc ≈ r 

(
M dyn 

M pert ( < r) 

)1 / 3 

(9) 

e present the ratio between two accelerations ( a rad / a gal ) and the
runcation radius as a function of the distance r in Fig. 16 . These
esults agree well with the case of the galaxy with a stellar mass of
0 10 M � within a group environment (see the green solid lines in
heir figs 7 and 8) provided in Boselli, Fossati & Sun ( 2022 ). 

From the plots in Figs 15 and 16 , it can be observed that if HCG
7b is an infalling galaxy approaching the group centre, neither ram
ressure nor tidal interaction would have a significant impact on 
MNRAS 527, 1062–1080 (2024) 
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Figure 10. Top: The integrated intensity (unit: K km s −1 ) map of CO (2-1) line emission observed with 12-m ALMA (left) and 7-m ACA (right). The beam 

sizes for 12-m and 7-m data are 0.53 arcsec × 0.42 arcsec and 7.73 arcsec × 4.36 arcsec, respectively. Contours are presented with values of (5, 15, 30) K km s −1 

for 12-m data and (1, 2, 3, 4) K km s −1 for 7-m data. Bottom: The intensity-weighted velocity (unit: km s −1 ) and the corresponding velocity dispersion (unit: 
km s −1 ) maps of molecular gas observed with 7-m ACA. The galactic centre and two X-ray sources are marked. The major axis of the optical disc is also 
o v erlaid. 

Figure 11. The 12-m (left) and 7-m (right) integrated CO (2-1) intensity contours are overlaid on the composite DECaLS image. 
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Figure 12. The PVD of 7-m CO (2-1) emission along the major axis of HCG 97b. Contour levels are 0.02, 0.04, 0.06, and 0.08 Jy beam 

−1 . In contours, a mirror 
of the right (north-west) side of the galaxy is o v erlaid on the left (south-east) side. 

Table 3. Estimations of black hole masses for two ULXs, X1, and X2, for different Eddington ratios and the 
fundamental plane relation. 

M BH (M �) 

X-ray source λEdd = 10 2 λEdd = 1 λEdd = 10 −2 Fundamental plane 

X1 0.4 39.5 1.3 × 10 5 ≤(1.9 ± 1.3) × 10 7 

X2 3.0 300.4 3.5 × 10 5 ≤(5.8 ± 3.9) × 10 6 

Accretion mode Slim disc Slim/standard disc ADAF 

In the last row, we distinguish different accretion modes for the corresponding Eddington ratios. 
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CG 97b, because both the stripped radius and truncation radius 
re quite larger than the radius of HCG 97b. Therefore, it confirms
hat HCG 97b has undergone the first pericentric passage and is
urrently receding from the group centre. Given that the optical 
isc of HCG 97b does not e xhibit ob viously disturbed morphology
only a possible weak warp shape), it is plausible to assume that
he separation between HCG 97b and the group centre during the 
rst pericentric passage was not extremely close, perhaps greater 

han the disc radius of HCG 97b ( R 97b = 1.23 arcmin = 16.2 kpc).
t is more probable that HCG 97b has experienced the closest
istance of � 20–30 kpc between the group centre and HCG 97b.
t this distance, both hydrodynamic and gravitational processes 

ikely played roles in gas stripping. The gravitational interaction 
ight cause a possible mild warp of the disc and possibly flatten

he galaxy’s gravitational potential well, enhancing the efficiency 
f ram pressure. This is supported by the curve in Fig. 16 , which
uggests a mild gravitational interaction effect with values of a rad / a gal 

10 −1 for r ≈ 20–30 kpc. It is also worth noting that the real ram
ressure would be even higher because the current relative velocity 
f HCG 97b has been largely reduced after the first pericentric 
assage. 
More recently, Jones et al. ( 2023 ) used VLA data to measure the
 I emission of Hickson Compact Groups (HCGs) and reported 

hat for the group of HCG 97, the H I emission is only detected
n the member galaxy HCG 97b and its morphology is more
xtended at the northern side of the disc, implying that HCG 97b
s likely a new, gas-rich galaxy infalling into an evolved group.
hey also measured the M H I deficiency Def( M H I ) = 0.79 of HCG
7b, which is the logarithmic difference between the predicted value 
log M H I , pred = 9 . 47 M �) and observed one (log M H I = 8 . 68 M �).

artinez-Badenes et al. ( 2012 ) also measured Def( M H I ) but inferred
 higher value of Def( M H I ) = 1.53. The difference between the M H I 

eficiency in the two papers is probably because Jones et al. ( 2023 )
sed the impro v ed imaging (e.g. multi-scale clean) and masking (e.g.
oFiA ) methods to reco v er as much flux of HCG 97b as possible,

hus obtaining a smaller deficient value. Nonetheless, both works 
uggest that a considerable part of H I was remo v ed from HCG
7b due to the possible interaction between the infalling galaxy 
MNRAS 527, 1062–1080 (2024) 
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Figure 13. DeCaLS g-band image (top) and GALEX NUV image (bottom) 
with ALMA integrated intensity contours. The feature ‘upturn’ and two X-ray 
sources are marked. The IGrM wind due to the ram pressure is indicated. The 
major and minor axes of the optical disc are also overlaid. 
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nd IGrM. Furthermore, Rasmussen et al. ( 2008 ) modelled ram-
ressure stripping in HCG 97b and reported that up to 2 × 10 9 M �
f H I could have been stripped from a galaxy with a stellar mass of
 . 2 × 10 10 M �. This value is roughly consistent with the observed
eficiency of HCG 97b (Jones et al. 2023 ). 

.2.3 Atypical spectral indices in the radio tail 

n the case of HCG 97b, radio spectral indices in the radio tail
iffer from typical ram-pressure stripped tails, showing flatter values
omparable to those in the radio disc, both in the integrated spectra
nd in the spectral index maps. This contradicts the expected steeper
pectral indices ( α < −1) in stripped tails due to synchrotron radiative
ooling (i.e. Vollmer et al. 2004 , 2021 ; Chen et al. 2020 ; M ̈uller
t al. 2021 ; Ignesti et al. 2022 ; Roberts et al. 2022a ). We note that
hile non-thermal emission (synchrotron emission) dominates the

adio emission at ν � 10 GHz in most nearby galaxies, thermal
mission (free–free emission) could also contribute a fraction of
NRAS 527, 1062–1080 (2024) 
 th ≈ 1 per cent − 40 per cent of the observed total radio emission
Klein, Lisenfeld & Verley 2018 , and the references therein). Since
here is a lack of H α data to estimate the thermal emission for
CG 97b directly, we approximate the non-thermal emission by

ssuming thermal emission fractions of 2.3 per cent, 8.6 per cent,
nd 16.6 per cent at 144 MHz, 1.4 GHz, and 4.86 GHz, respectively,
ased on equation (8) provided by Tabatabaei et al. ( 2017 ). We
resent the estimated non-thermal spectra in the disc and tail, along
ith the best fits with the exponential cut-off model in Fig. 17 . The
on-thermal spectra in the disc indicate a more curved shape and
n injection spectral index of αdisk 

nth ≈ −0 . 75 ± 0 . 09. While the new
pectra in the tail suggest an unchanged injection spectral index
 αtail 

nth ≈ −0 . 57 ± 0 . 09), but a lower break frequency. The spectrum
reak frequency in the tail ( ν tail 

c ≈ 8 . 0 ± 4 . 0 GHz) appears to be
maller than the one in the disc ( νdisk 

c ≈ 10 . 4 ± 6 . 5 GHz), suggesting
 slight difference in a radiative time-scale which can be derived with
he expression presented in Miley ( 1980 ), 

 r ∝ 3 . 2 × 10 10 B 

1 / 2 

B 

2 + B 

2 
CMB 

1 √ 

νc (1 + z) 
yr (10) 

here B CMB = 3 . 25(1 + z) 2 μG is the equi v alent cosmic micro wave
ackground magnetic field and νc is the cut-off frequency in units
f MHz. Assuming a typical magnetic field of ∼10 μG within the
isc and ∼5 μG within the tail (Tabatabaei et al. 2017 ; M ̈uller
t al. 2021 ; Ignesti et al. 2022 ), the radiative times are estimated
t 8.8 ± 2.7 × 10 6 yr and 2.2 ± 0.5 × 10 7 yr for the disc and tail,
espectively. 

The observed flat spectrum in the tail with its longer radiative time-
cale indicates that the CRe within the tail may have undergone rapid
isplacement or uplift from the disc, to an extent where the typical
pectral aging effects are not observed. To quantify this displacement,
e adopt a derived age of approximately 2.2 ± 0.5 × 10 7 yr for the
Re in the tail and a projected tail length of approximately 30 kpc.
onsequently, we infer an expected velocity for the radio plasma

ransported from the disc to the tail of roughly 1300 km s −1 . This
elocity is much higher than the velocity measured in ram-pressure
tripped galaxies (100 − 600 km s −1 ; Ignesti et al. 2023 ), and aligns
ore closely with scenarios observed in head-tail galaxies where

he plasma is accelerated out of the galaxy by the AGN (e.g. Ignesti
t al. 2020 ; Edler et al. 2022 ). Given that the injection spectral indices
or both disc and tail are consistent with the characteristics of fresh
njected plasma typically associated with AGN activity, and taking
nto account the proximity of the two bright radio blobs detected at
.86 GHz to the X2 source, we propose that the CRe may have been
plifted through a mechanism involving ULX feedback – potentially
inked to IMBH activity, in addition to the conventional ram-pressure
tripping process. In the upcoming section (Section 4.3 ), we will
iscuss the potential contribution of IMBH activity in more detail.
urthermore, the absence of spectral aging effects outside of the disc
ould also be attributed to efficient adiabatic expansion losses. The
nergy loss due to adiabatic expansion is linearly proportional to the
Re energy (E), while losses from synchrotron are proportional to

he square of the energy (E 

2 ; Longair 2011 ). Considering that the
hermal pressure in the galaxy group environments should be lower
han in the ICM, the adiabatic losses might be more efficient since
he ISM can expand more easily. 

.3 Enhanced ram-pr essur e stripping due to an accr eting 
MBH? 

 peculiarity of the spiral galaxy HCG 97b is the presence of two off-
uclear X-ray sources, with the X2 source being more distant from
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Figure 14. The distributions of the electron number density (left) and total mass (right) of the galaxy group HCG 97 using the RTI model (Zhu et al. 2016 , 
2021 ). 

Figure 15. The ram pressure (left) and corresponding stripped radius (right) of HCG 97b as the function of the distance between the group centre and HCG 

97b. The shadow region represents the range between the radius of HCG 97b (R 97b ) and the current projected separation between the group centre and HCG 

97b (d proj ). The radius of HCG 97b is also marked with a horizontal dash line. 
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6 The intrinsic column density then is N H ∼ 3 m GMC / (4 μm H πR 

2 
GMC ) ∼

2 . 4 × 10 22 ( m GMC / 10 6 M �)( R GMC / 25 pc ) −2 cm 

−2 , where μ ∼ 2 is the mean 
molecular weight of H . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/1/1062/7328953 by guest on 05 D
ecem

ber 2024
he galactic nucleus in projection, i.e. ∼5.2 kpc from the galactic 
ucleus. Given the fact that no clear tidal tails or a significant
orphological disturbance corresponding to a major merger are 

etected in the optical image, we speculate that X2 could be the
andidate for an acti v ated IMBH, which has encountered a dense,
O-emitting molecular gas while wandering through the galactic disc 

Seepaul, Pacucci & Narayan 2022 ), which was originally suggested 
y Miller & Hamilton ( 2002 ) to interpret ULXs. There are several
ypotheses about the origin of IMBHs. The IMBH could have formed 
ithin the galaxy due to a runaway merger of stellar black holes

nd stars (Miller & Hamilton 2002 ; Portegies Zwart & McMillan 
002 ) or it could have been captured after a minor merger with a
atellite or dwarf galaxy (Weller et al. 2022 ). The IMBH would
hen subsequently undergo dynamical relaxation into the galactic 
lane where most molecular gas is localized within giant molecular 
louds. The expected mass range is M BH ∼ 10 2 − 10 5 M � (Greene, 
trader & Ho 2020 ). The model of an IMBH traversing through a
enser material is also supported by an increased column density 
f N H ∼ 2.3 × 10 22 cm 

−2 indicating a mild obscuration, which is
onsistent with the molecular gas whose column density is expected 
o be ∼10 21 − 10 22 cm 

−2 (Schneider et al. 2015 ), i.e. well below the
ompton-thick limit of ∼1 . 5 × 10 24 cm 

−2 that would cause a severe
bsorption of X-ray photons. The column density is consistent with 
he intrinsic obscuration of the IMBH embedded inside the giant 
olecular cloud (GMC) of m GMC ∼ 10 6 M � with the mean radius of
 GMC ∼ 25 pc , 6 which are typical parameters for a GMC (Heyer &
ame 2015 ). Since most of H 2 gas is contained in GMCs, we expect

bout M H 2 /m GMC ∼ 2500 of them in HCG 97b. 
In this regard, the energy and the momentum feedback from the

ccretion onto the X2 source is expected to contribute to the heating
nd the mechanical input into the surrounding ISM, which is then
MNRAS 527, 1062–1080 (2024) 
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Figure 16. The ratio between the radial tidal acceleration and the internal galaxy acceleration (left) and the truncation radius (right) due to the group gravitational 
well as the function of the distance between the group centre and HCG 97b. The shadow region represents the range between the radius of HCG 97b (R 97b ) and 
the current projected separation between the group centre and HCG 97b (d proj ). The radius of HCG 97b is also marked with a horizontal dash line. 

Figure 17. Radio synchrotron spectra in the disc and tail of HCG 97b after 
the thermal emission correction. The best fits with the exponential cut-off 
model are also presented. 
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rone to a more enhanced ram-pressure stripping. This could be
ele v ant since the footprint of the radio tail lies in projection close to
he X2 source; see Figs 4 and 6 . 7 This implies a no v el mechanism, in
hich IMBHs or ULXs in general can strengthen the ISM stripping
ue to the IGrM ram pressure. Such a scenario is complementary
o the studied case when ram-pressure stripping ignites an AGN
ctivity (see e.g. Peluso et al. 2022 ). Poggianti et al. ( 2017 ) proposed
he scenario when an AGN can inject energy and momentum to
nhance ram-pressure stripping, ho we ver, a potential connection with
LXs/IMBHs has not been studied. Also, currently the connection
etween the AGN activity and the ram-pressure stripping is unclear
nd some studies questioned the causal relation (see e.g. Boselli,
ossati & Sun 2022 ; Cattorini et al. 2023 ), which further moti v ates us
NRAS 527, 1062–1080 (2024) 

 Previously, the jellyfish galaxy JW100 was also reported to host a bright 
LX source; ho we ver, it does not have any apparent connection with the 
bserved radio tail (Poggianti et al. 2019 ) 

w  

u
0  

e  

a  
o study the impact of the ULX X2 source in HCG 97b. In addition,
he acceleration of electrons due to the IMBH feedback and the
ssociated shocks can help explain the flatter spectral index of the
ail region. Below we provide several analytical estimates on how
his can work for typical parameters of the IMBH, ISM densities and
emperatures. 

Considering radiati ve ef ficiency of η = 0.1 and the bolometric
orrection of κbol = 13.3, which is intermediate between low-
uminosity and high-luminosity accretion modes (see Section 4.1 ),
e estimate the X2 accretion rate as follows: 

˙
 = 

L bol 

ηc 2 
= 

κbol L X 

ηc 2 
∼ 4 . 22 × 10 −5 

( κbol 

13 . 3 

)

×
(

L X 

1 . 8 × 10 40 erg s −1 

) ( η

0 . 1 

)−1 
M � yr −1 , (11) 

here L X = 1 . 8 × 10 40 erg s −1 is the 2–10 keV luminosity of the X2
ource. The accretion rates of the order of Ṁ given by equation ( 11 )
re consistent with the passages of IMBHs through molecular clouds
s studied by Seepaul, Pacucci & Narayan ( 2022 ), who predicted X-
ay luminosities exceeding 10 41 erg s −1 for the brightest cases. Con-
idering the whole range of IMBH masses, M BH ∼ 10 2 − 10 5 M �,
he Eddington ratio is in the range of λEdd = Ṁ / Ṁ Edd ∼ 0 . 02 − 19 . 1,
here the larger values correspond to smaller IMBH masses. Since

he IMBH coincides with the CO emission peak and we assume
hat it is fueled by the accretion from the surrounding molecular
as, a quasispherical thick hot flow with a lower Eddington ratio
s expected to develop (Seepaul, Pacucci & Narayan 2022 ). Such a
ondi-like flow has properties similar to ADAF and is also associated
ith po werful outflo ws that could ha ve contrib uted to the radio-tail
evelopment via their mechanical feedback, or at least they increased
he amount of gas escaping from the host galaxy in addition to the
GrM ram pressure. 

Therefore, for the following estimates, assuming the ADAF and
he IMBH mass range, we fix the Eddington ratio to λEdd = 10 −2 ,
hich implies the IMBH mass of M BH ∼ 3 . 5 × 10 5 M �. This set-
p is also consistent with the assumed radiative efficiency of η ∼
.1 (Yuan & Narayan 2014 ). To model the accretion from the CO-
mitting gas, we consider the Bondi–Hoyle–Lyttleton (BHL)-like
ccretion from the molecular cloud with the H 2 number density
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Figure 18. The 2–10 keV luminosities corresponding to the BHL accretion 
as a function of the relativ e v elocity of a wandering IMBH with respect to 
the galactic disc molecular gas (solid line; the ambient molecular cloud has 
a number density of 10 3 cm 

−3 and temperature of 15 K). The inferred X- 
ray luminosity of the X2 source is denoted by the horizontal dotted line. 
The shaded area and dashed lines express the BHL X-ray luminosities for 
the whole range of the molecular cloud characteristic parameters (number 
densities of 10 2 − 10 4 cm 

−3 and temperatures of 10 − 20 K). The vertical 
rectangle represents the estimated peak of the IMBH relative velocity 
distribution with respect to the local gas inferred from the Illustris TNG50 
simulations (Seepaul, Pacucci & Narayan 2022 ). 
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ange of n MC ∼ 10 2 − 10 4 cm 

−3 and the ambient temperature of 
 MC ∼ 10 − 20 K (Seepaul, Pacucci & Narayan 2022 ), which fixes

he ambient mass density ρ and the ambient gas sound speed c s .
ollowing the basic BHL accretion theory, the accretion rate at the 
uter radius R A is given by (see e.g. Seepaul, Pacucci & Narayan
022 , and references therein), 

˙
 B = 

4 πG 

2 M 

2 
BH ρ

( v 2 rel + c 2 s ) 
3 / 2 

, (12) 

here v rel is the relativ e v elocity of the IMBH with respect to the
ocal molecular gas. Due to the powerful outflows and conduction, 
he actual gas inflow rate through the IMBH horizon is scaled down
ith respect to Ṁ B following a simple power-law relation, 

˙
 in ∼ Ṁ B 

(
R in 

R A 

)p 

, (13) 

here the ef fecti ve inner radius of the flow is set to R in =
0 R S (Abramowicz et al. 2002 ), with R S = 2 GM BH / c 2 being the
chwarzschild radius. The outer radius is given by the gravitational 
apture radius R A = 2 GM BH / ( v 2 rel + c 2 s ). The power-law slope in
quation ( 13 ) is set to p = 0.5, which is moti v ated by numerical
alculations of hot flows (Yuan & Narayan 2014 ; Ressler et al. 2020 ).

To determine the required relative velocity v rel , we compare Ṁ in , 
r rather the corresponding X-ray luminosity L X ∼ ηṀ in c 

2 /κbol with 
he inferred 2–10 keV luminosity of X2. From Fig. 18 , we see that
o reproduce the X2 X-ray luminosity, the IMBH is expected to 
o v e at the relativ e v elocity of ∼6 . 6 − 66 . 3 km s −1 with respect to

he local molecular gas, with v rel ∼ 21 km s −1 corresponding to the 
ntermediate number density of 10 3 cm 

−3 and the temperature of 
5 K. This interval is consistent with the peak of the IMBH velocity
istribution with respect to the surrounding gas inferred from Illustris 
NG50 simulations (Seepaul, Pacucci & Narayan 2022 ; Weller et al. 
022 ), which is in the range of 26 − 41 km s −1 . 
We further estimate if the acti v ated IMBH of M BH ∼ 3 . 4 ×

0 5 M � can significantly impact the surrounding molecular gas 
nd induce the formation of the radio tail structure. The traversing 
MBH crosses a typical molecular cloud in τ cross = D MC / v rel ∼
.66 × 10 5 yr for the molecular cloud diameter of D MC ∼ 10 pc
Heyer & Dame 2015 ) and the relative velocity of v rel � 21 km s −1 

see the estimate abo v e). During τ cross , the ADAF flow surrounding
he IMBH generates a significant outflow and potentially a relativistic 
et that impacts the surrounding ISM via mechanical feedback as 
ell as radiation pressure both from the accretion as well as the
enerated shocks when the outflow impacts the molecular cloud 
see e.g. Ferrara & Scannapieco 2016 ; Goicoechea et al. 2016 ). The
bserved 27-kpc radio tail of HCG 97b could have thus been formed
nd shaped via: 

(i) jet generated in the inner zone of the ADAF where the
utflowing plasma is collimated by the ordered magnetic field and 
an reach ultrafast velocities in excess of 0 . 1c (see e.g. Sukov ́a et al.
021 ), which is further distorted by the IGrM ram pressure, 
(ii) uplift of the ISM material due to IMBH-induced mechani- 

al feedback and subsequent IGrM ram-pressure prolongation and 
istortion. 

The radio tail generation with the case (i) scenario can work if
he inner ADAF surrounding the IMBH can support the ultrafast 
utflow/jet with the velocity of v UFO ∼ D tail /τcross ∼ 0 . 2 c to be able
o create the tail of the 27-kpc length during the crossing time. The
estriction on the jet outflow velocity can be eased if the IMBH is
ed by the molecular material for a longer duration than inferred
rom the typical cloud size. The scenario where radio jet is generated
y an accreting IMBH is also supported by the recent detection of
he two-sided jet ( L 1 . 66 GHz ∼ 3 × 10 38 erg s −1 ) associated with the
MBH of 3 . 6 × 10 5 M � in a dwarf galaxy (Yang et al. 2023 ). At
.4 GHz, the tail luminosity of HCG 97b is comparable to that value,
 1 . 4 GHz ∼ 7 × 10 37 erg s −1 within an order of magnitude. The one- 

ided nature of the IMBH jet outflow, which could be associated
ith the north-western radio lobe visible at 4.86 GHz, can be caused
y a small viewing angle and/or the distortion, bending, and further
rolongation of the tail by the IGrM ram pressure. In this picture,
he extended tail part could be the remnant of the previous accretion
ctivity of the X2 as it passed through another denser molecular-
loud core. This scenario provides a possible explanation of the 
igh velocity of the radio plasma in the radio tail, as discussed
n Section 4.2.3 , and can be further studied by observing a small-
cale radio emission associated with the X-ray point source X2. 
urthermore, the flatter radio spectral index inferred for the tail can
e interpreted as a result of the local electron acceleration process,
uch as in shocks created due to the interaction between the jet
aunched by the IMBH and the IGrM. 

Case (ii) can be supported by comparing the mechanical energy 
ensity of the generated wide-angle outflow εout with the thermal 
nergy density of the surrounding gas εgas ∼ ρc 2 s . The outflow rate
or the ADAF Ṁ out is much larger than the inflow rate Ṁ in and can be
xpressed as Ṁ out = Ṁ B [1 − ( R in /R A )] p , which results in Ṁ out ∼
 . 16 M � yr −1 or about 2024 times more than the inflow rate for
he intermediate molecular-cloud number density of 10 3 cm 

−3 . The 
ot outflow velocity is estimated using v out = 0 . 2 v K ( R A ) ∼ 3 km s −1 

Yuan et al. 2018 ), where v K ( R A ) ∼ 14 . 8 km s −1 is the Keplerian
elocity at R A ∼ 6 . 86 pc . The hot outflow energy density can then
e estimated as 

out ∼ 1 

2 

Ṁ out 

V MC 
τcross v 

2 
out = 

1 

2 

Ṁ out v 
2 
out 

D 

2 
MC v rel 

∼ 2 . 3 × 10 −10 erg cm 

−3 (14) 

here V MC ∼ D 

3 
MC is the molecular cloud volume. We compare 

out with the thermal energy density of the molecular gas, 
gas ∼ n gas k B T gas ∼ 2 . 1 × 10 −12 erg cm 

−3 , as well as with that of the
adio-emitting warm and hot ionized plasma, εgas ∼ (0 . 3 cm 

−3 ) ×
MNRAS 527, 1062–1080 (2024) 
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1 . 38 × 10 −16 erg K 

−1 ) × 9000 K ∼ 3 . 7 × 10 −13 erg cm 

−3 and
gas ∼ (3 × 10 −3 cm 

−3 ) × (1 . 38 × 10 −16 erg K 

−1 ) × (5 × 10 6 K) ∼
 . 1 × 10 −12 erg cm 

−3 , respectively (see e.g. Seepaul, Pacucci &
arayan 2022 ), and we see that εout is larger by two-three orders of
agnitude. In order for the gas to escape from the galaxy, εout needs

o be larger than the gravitational binding energy density εbind . For
 more diluted ionized gas in the warm-hot ISM, we estimate εbind 

ssuming the virial theorem and using the mean rotational velocity
 rot ∼ 218 km s −1 (see Section 3.3 ), 

bind ∼ 1 

2 

M gas 

V gas 
v 2 rot ∼

1 

2 
ρgas v 

2 
rot 

∼ 4 × 10 −11 
( n gas 

0 . 1 cm 

−3 

) ( v rot 

218 km s −1 

)2 
erg cm 

−3 , (15) 

hich is smaller than εout for typical warm/hot ionized medium
umber densities. Overall, this would lead to the uplift of gas and
ts subsequent easier stripping by the ram pressure of the IGrM.
urrently, only the radio tail tracing the ionized plasma is observed.
uture more sensitive observations, e.g. H α + [N II ] narrow band

maging, will constrain the amount of the stripped neutral gas.
o we ver, the mechanical uplifting of the galactic ISM gas works
ore efficiently for the less dense ionized component, which follows

rom the comparison of equations ( 15 ) and ( 14 ). This can explain the
ack of the neutral and molecular gas in the ram-pressure stripped
ail since it rather stays within the galactic disc due to larger binding
nergy. 

The lower-Eddington ratio ADAF model for the X2 X-ray emis-
ion is moti v ated by the plausible accretion from the ISM (Seepaul,
acucci & Narayan 2022 ). The Bondi-like hot flow is also associated
ith a non-thermal radio emission due to the ADAF spectral energy
istribution (Yuan & Narayan 2014 ). Moreo v er, a wide-angle outflow
s naturally generated; hence, mechanical feedback could contribute
o the detected stripped material. 

If instead, the accretion of the ambient dense gas proceeds with an
ddington ratio close to unity, and hence in the radiati vely ef ficient
ode, the X2 mass would be pushed to lower values, though still in

he IMBH mass range, 

 BH � 300 . 4 

(
L X 

1 . 8 × 10 40 erg s −1 

)1 . 3 (
λEdd 

1 

)−1 

M �, (16) 

hich follows from equation ( 4 ), where we express the bolometric
orrection κbol following Netzer ( 2019 ) ( κbol ∼ 2.1 for the X2 2–
0 keV luminosity) and hence the standard disc formalism. We note
hat the Eddington limit would have to be exceeded by a factor
f at least 3 for the X2 to reach stellar-mass black hole masses
nd the neutron-star mass range would be reached for λEdd ∼ 200
see Table 3 for the BH mass-range estimates for the Eddington
atio between 10 −2 and 10 2 ). For λEdd ∼ 1, the accretion flow
as the structure of a geometrically and optically thick slim disc
Abramowicz et al. 1988 ) or a ‘puffy’ disc (Lan ̌cov ́a et al. 2019 ),
or which radiation-driven outflows are expected (Feng et al. 2019 ).
ince the outflow is radiatively driven, we can estimate the radiative
eedback to the surrounding medium from the bolometric accretion
uminosity, assuming the efficient mode during the whole passage of
he IMBH through the molecular cloud, 

rad ∼ κbol L X τcross 

D 

3 
MC 

= 

κbol L X 

D 

2 
MC v rel 

∼ 1 . 9 × 10 −5 erg cm 

−3 , (17) 

here we assumed that the released radiative energy during τ cross is
rimarily impacted within the molecular cloud volume. We see that
rad is larger than typical gas thermal energy and binding energy
ensities εgas and εbin estimated previously by several orders of
NRAS 527, 1062–1080 (2024) 
agnitude, hence the radiative feedback expected from a lower-mass
MBH or a stellar-mass BH is expected to have profound effects on
he surrounding molecular gas, which should result in the severe
isturbance and uplifting of bound gas. In this case, we would expect
 harder X-ray emission due to a smaller black-hole mass, which
ould result in the ionization of the neutral and molecular gas that

s observationally not detected in the tail of HCG 97b. 
More constraints on the X2 mass will follow from the future

etailed X-ray spectroscopy and timing, which will also help clarify
he accretion mode and the type of feedback. In addition, magne-
ohydrodynamical simulations may be necessary to fully capture
he interaction between the IMBH-generated outflow and the ISM

edium, as well as the IGrM ram pressure, which is beyond the
cope of the current study. 

Given that HCG 97b is slightly larger than the Milky Way, both
2 and X1 X-ray sources are located relatively in the central regions
f HCG 97b, i.e. within ∼5 . 2 kpc from the nucleus, where the
ccurrences of both the molecular gas and IMBHs are statistically
ncreased, and hence also the probability of their interaction (Heyer &
ame 2015 ; Seepaul, Pacucci & Narayan 2022 ; Weller et al. 2022 ).
he X1 source could also be the candidate for an IMBH with
0.86 kpc offset from the nucleus, though its location does not

oincide with the CO emission peak, which is supported by the
maller obscuration in comparison with X2. Therefore X1 is not a
rime candidate for a wandering IMBH reacti v ated by the interaction
ith the molecular gas (Seepaul, Pacucci & Narayan 2022 ). The

onstrained steeper power-law index ( � = 2.65 ± 0.87; Section 3.1 )
f X1 indicates a soft state and a higher Eddington ratio, which makes
t a candidate for a stellar-mass ULX with the mass of ∼39 . 5 M � for
he Eddington limit. 

 C O N C L U S I O N S  

n this paper, we present a multiwavelength analysis of the spiral
alaxy HCG 97b, and the main results are summarized as follows: 

(i) LOFAR 144 MHz, VLA 1.4 GHz and 4.86 GHz images reveal
symmetric, extended radio continuum emission of the spiral galaxy
CG 97b, including an elongated radio emission along the optical
isc and an extraplanar, one-sided radio tail extending ∼27 kpc
oward the group centre at GHz frequencies and to ∼60 kpc at
44 MHz. 
(ii) Chandra images reveal two off-centre X-ray sources with 2–

0 keV luminosities of ∼10 39 − 10 40 erg s −1 . Given the off-nuclear
ocation and the observed X-ray luminosity, these two X-ray sources
re most likely ULXs. 

(iii) The source X2 is a suitable candidate for an accreting IMBH
mbedded in an environment with an increased density of molecular
as. 

(iv) Asymmetry in the molecular gas within the disc is evident
rom both CO emission morphology and kinematics, indicating that
CG 97 is experiencing ram-pressure stripping, with the leading side

t the south-eastern edge of the disc. 
(v) Based on estimations of the capabilities of gravitational

nd hydrodynamic processes, it seems HCG 97b has experienced
ravitational interaction and is currently subjected to ram pressure
tripping. Both mechanisms have played roles in gas stripping,
ith the gravitational interaction potentially flattening the galaxy’s
ravitational potential well, making the gaseous components of the
alaxy more susceptible to being stripped away by ram pressure. 

(vi) The VLA 4.86 GHz image reveals two bright radio blobs
one abo v e the disc and another outside of it, aligning with the
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adio tail. Their proximity to source X2, along with comparable 
nd flat spectra indices ( α > −1) in the disc and tail, suggests that
hese blobs may be a pair of radio lobes recently powered by ULX
eedback. 

(vii) Considering the radiative time of CRe in the tail is 2.2 × 10 7 

r, the expected velocity needed for transporting CRe from the disc 
o the tail is approximately 1300 km s −1 . This velocity substantially
 xceeds those observ ed in other ram-pressure stripped galaxies 
100 − 600 km s −1 ; Ignesti et al. 2023 ), and aligns with velocities
ound in head-tail radio galaxies (Ignesti et al. 2020 ; Edler et al.
022 ). Therefore, the formation of the radio tail might also be
nfluenced by the putative IMBH-induced activity. 
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