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A B S T R A C T 

We present Chandra X-ray Observatory observations and Space Telescope Imaging Spectrograph spectra of NGC 5972, one of 
the 19 ‘Voorwerpjes’ galaxies. This galaxy contains an extended emission-line region (EELR) and an arcsecond scale nuclear 
bubble. NGC 5972 is a faded active galactic nucleus (AGN), with EELR luminosity suggesting a 2.1 dex decrease in L bol in 

the last ∼5 × 10 

4 yr. We investigate the role of AGN feedback in exciting the EELR and bubble given the long-term variability 

and potential accretion state changes. We detect broad-band (0.3–8 keV) X-ray emission in the near-nuclear regions, coincident 
with the [O III ] bubble, as well as diffuse soft X-ray emission coincident with the EELR. The soft nuclear (0.5–1.5 keV) 
emission is spatially extended and the spectra are consistent with two APEC thermal populations ( ∼0.80 and ∼0.10 keV). We 
find a bubble age > 2.2 Myr, suggesting formation before the current variability. We find evidence for efficient feedback with 

P kin /L bol ∼ 0 . 8 per cent , which may be o v erestimated giv en the recent L bol v ariation. [O III ] kinematics sho w a 300 km s −1 

high-ionization velocity consistent with disturbed rotation or potentially the line-of-sight component of a ∼780 km s −1 thermal 
X-ray outflow capable of driving strong shocks to photoionize the precursor material. We explore possibilities to explain the 
o v erall jet, radio lobe and EELR misalignment including evidence for a double supermassive black hole which could support a 
complex misaligned system. 

K ey words: galaxies: acti ve – galaxies: individual: NGC5972 – galaxies: ISM – galxies: Seyfert – X-rays: galaxies. 
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 I N T RO D U C T I O N  

ctive galactic nuclei (AGNs) are thought to play an important role
n the evolution of their host galaxy through their interaction with the
nterstellar medium (ISM) via winds, outflows, and jets (see re vie ws
y Alexander & Hickox 2012 ; Fabian 2012 ). In many galaxies, direct
hoto-ionization by AGN emission only extends to the narrow-line
egion (NLR) within a kiloparsec of the supermassive black hole
SMBH, see e.g Elvis 2000 ; Bennert et al. 2002 ). Ho we ver, there
s a long-known population of galaxies which display the same
 E-mail: thomas.harv e y-3@manchester.ac.uk 
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istinct ionization signatures on a much larger spatial scale; firstly
urrounding radio-loud galaxies and quasars (see re vie w by Stockton,
u & Canalizo 2006 ), but more recently near lower luminosity
GN as well. These extended emission-line regions (EELRs) contain
GN-ionized warm gas at scales larger than 10 kpc from the AGN

see Lintott et al. 2009 ; Schawinski et al. 2010 ; Keel et al. 2012b ,
017 ). These EELRs have been used as light echos to probe AGN
ariability on previously inaccessible kyr time-scales. 

.1 AGN feedback 

he interaction of outflows with the fuel supply of the AGN causes a
eedback loop which self-regulates SMBH growth and star formation
© 2023 The Author(s) 
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Figure 1. The STIS slit location for the observations detailed in Section 2.2.2 , 
o v erlaid on the HST ACS WFC3 narrow-band [O III ] image with a log scale. 
The inferred nuclear source location (detailed in Section 5.1 ) and the brightest 
[O III ] region is shown by the central green cross. Logarithmic contours, with 
five contour levels and a dynamic range of 0.0015–0.01 photons s −1 cm 

−2 

pixel −1 , are shown in blue. The red circle (2 arcsec radius) is the same as 
shown in other figures in Section 4 . 
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Silk & Rees 1998 ; Di Matteo, Springel & Hernquist 2005 ), known
s AGN feedback. Infalling gas sets off a period of rapid, radiatively
fficient, high Eddington ratio accretion until feedback from outflows 
ntrains the infalling gas, choking the fuel supply, and reducing the 
ccretion rate and luminosity (e.g. Shankar, Weinberg & Miralda- 
scud ́e 2009 ). These duty cycles of high and low accretion, which we
all AGN ‘state changes’, may be analogous to observations of accre- 
ion in X-ray binaries (XRBs) where we observe rapid accretion rate 
ariability on much shorter time-scales (see e.g. Maccarone, Gallo & 

ender 2003 ; K ̈ording, Jester & Fender 2006 ; McHardy et al. 2006 ;
ckersall, Vaughan & Wynn 2015 ). The transition between states is

hought to be linked to a decrease in the accretion rate (Remillard &
cClintock 2006 ; Belloni 2010 ; Skipper & McHardy 2016 ), which

orrelates with an increase in kinetic power (Done, Gierli ́nski & Kub-
ta 2007 ) dri ving outflo ws and winds. This idea has been extended
o AGN (see e.g. Alexander & Hickox 2012 ), where luminous AGN
orrespond to the soft state and low-luminosity AGN correspond 
o the hard state, where most of the energy output is kinetic.

any authors (McHardy et al. 2006 ; Schawinski et al. 2010 ), have
uggested that during this inefficient, kinetically dominated accretion 
tate the SMBHs perform significant feedback work on the ISM 

ithin their host galaxies. The periods of rapid efficient accretion are 
hought to last for around 10 5 yr, with fast state changes on the order
f 10 4 yr (Keel et al. 2012b , 2017 ; Schawinski et al. 2015 ). The AGN
icker on and off for an o v erall total accretion time-scale of 10 7–9 yr
e.g. Soltan 1982 ; Yu & Tremaine 2002 ). The mechanisms and effects
f this feedback on the wider galaxy are not well understood. We have 
nown for some time that the masses of SMBH are correlated with
roperties of their host galaxies (e.g. Magorrian et al. 1998 ; Gebhardt
t al. 2000 ; Hopkins et al. 2007 ) and it is thought that this feedback in-
eraction leads to these correlations (Silk & Rees 1998 ; Fabian 1999 ).

Hopkins & Elvis ( 2009 ) have suggested a two-stage model for
GN feedback, where small high velocity outflows interacting with 

he diffuse warm/hot ISM cause additional feedback effects that lead 
o the dissipation of the cold ISM on large scales. The cold ISM
s primarily composed of dense molecular clouds, which are the 
rimary reservoir for star formation (e.g. McKee & Ostriker 1977 ). 
his idea reduces the kinetic output of the AGN required to unbind

he ISM (and halt star formation) by an order of magnitude compared
o conventional feedback models (e.g. Mathur et al. 2009 ). Hopkins & 

lvis ( 2009 ) estimate around 0.5 per cent of L bol is required for
fficient feedback under this two-stage model. Given their long time- 
cale variation, it is difficult to identify faded AGN which may have
nough kinetic power to meet this criterion. Galaxies which may 
ave undergone recent extreme decreases in AGN luminosity are 
dentified through the presence of quasar light echoes. 

.2 Quasar light echoes 

he first such example is Hanny’s Voorwerp (HV, Lintott et al. 
009 ), which is a large cloud of AGN-ionized gas known as an
ELR. Analysis by Lintott et al. ( 2009 ) and Keel et al. ( 2012a ) find
n energy imbalance between the line emission of the cloud and 
he absorbed emission of the nearby AGN IC 2497. The luminosity 
equired to sustain the observed EELR emission is 50 times greater 
han the current bolometric luminosity based on Wide-field Infrared 
urvey Explorer (WISE) mid-infrared (mid-IR) observations, 
orresponding to a decrease in Eddington ratio from 0.35 to 0.007 in
he last 100 kyr (Sartori et al. 2018 ). Given the separation of HV and
he host galaxy and the recombination time-scale of the narrow-line 
mission (Keel et al. 2012a ), this probes AGN variability on a
ime-scale of around 100 000 yr. 
NGC 5972 was identified in Sloan Digital Sky Survey (SDSS) 
maging during a Galaxy Zoo search for signatures of faded AGN
imilar to IC 2497 (Keel et al. 2012b ). Like IC 2497, NGC 5972 hosts
n EELR containing significant amounts of extraplanar gas which 
s directly ionized by the AGN. NGC 5972 is a nearby ( z = 0.030)
eyfert 2 galaxy which is thought to have faded dramatically in

he last 50 000 yr. It has a radio luminosity at 1.4 GHz of ≈
 × 10 24 W Hz −1 (Condon et al. 1998 ), with a classic double-lobed
adio structure separated by 330 kpc (Keel et al. 2012b ). NGC 5972
osts a powerful ( L ≈1 0 44 erg s −1 ), highly obscured (log N H = 24.34,
hao et al. 2021 ) AGN which powers a spectacular double helix-
haped [O III ] emission structure. The EELR arms were originally
dentified as ionized gas and not a spiral galaxy by Veron & Veron-
etty ( 1995 ). Keel et al. ( 2012b ) note that the misalignment of

he EELR and radio lobes by 67 ◦ is unusual for Seyfert galaxies.
eel et al. ( 2015 ) used Hubble Space Telescope ( HST ) imaging and

upporting ground-based observations to investigate the morphology 
f NGC 5972 at subarcsecond resolution. They find evidence of a
ast merger consistent with a 1.5 Gyr-old precessing warped disc. 
he outermost parts of the EELR are located up to 50 kpc from

he nucleus and follow the main disc rotation curve. In Keel et al.
 2017 ), the luminosity history o v er the last 55 kyr is analysed, finding
vidence for a 2.1 dex decrease in bolometric luminosity. 

Keel et al. ( 2017 ) draw attention to an arcsecond scale [O III ]
tructure, which hosts the central engine. They hypothesize that this 
eature, which does not show any velocity structure, is a loop or
ubble of warm ionized gas. The authors speculate that the bubble
s actually a signature of infalling gas rather than an AGN-driven
utflow. Fig. 1 reproduces their [O III ] image of this structure which
e hereafter refer to as the ‘[O III ] bubble’ or just the ‘bubble’. 
MNRAS 526, 4174–4191 (2023) 
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Table 1. Details of the Chandra ACIS-S observations used in this analysis. 

Observation ID Date Total (useful) exposure (ks) PI 

18080 2016 Apr 04 9.83 (9.83) Ajello 
19562 2017 Dec 18 23.74 (23.6) Maksym 

20893 2017 Dec 19 23.73 (23.2) Maksym 

Merged 57.3 (56.6) 
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Table 2. Details of the HST observations used in this paper. 

Filter/Grating Date Exposure (s) PI 

Imaging 
ACS FR505N 2012 July 01 2538 Keel 
WFC3 F673N 2012 Dec 18 2890 Keel 

Spectroscopy 

STIS G430L 2016 July 09 2071.8 Maksym 

STIS G750M 2016 July 09 2854.8 Maksym 
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In Zhao et al. ( 2021 ), analysis of Nuclear Spectroscopic Telescope
rray (NuSTAR) and Chandra X-Ray Observatory observations was
sed to derive properties of the AGN and torus within NGC 5972.
he authors fit the nuclear spectra with a physically moti v ated AGN
odel to constrain the AGN obscuration and orientation, finding a

ighly obscured, Compton-thick AGN (log N H, tor = 24.34) which we
bserve through the obscuring torus. 
NGC 5972 is the perfect laboratory for studying the effects of

GN feedback during a period of low Eddington rate accretion to
est whether the feedback is efficient enough to halt star formation.

e aim to understand the interaction and feedback effects between
he hot gas in the bubble and the SMBH given the AGN state changes
 v er the past 10 5 yr. In this paper, we present a new analysis of high-
esolution Chandra X-ray imaging and spectroscopy of the AGN and
ELR in NGC 5972. Chandra ’s subarcsecond resolution allows us

o study the interaction of the central engine and surrounding gas
n small scales. We also use new HST Space Telescope Imaging
pectrograph (STIS) spectroscopy to investigate the kinematics of

he gas within the [O III ] bubble. Together these observations of
he velocity, temperature and ionization source of gas within the
O III ] bubble allow insights into the relationship between the nuclear
MBH and its environment. 
This paper is organized as follows. In Section 2 , the observations

nd data reduction process are described. In Section 3, we detail our
ethodology. The results are presented and discussed in Sections 4

nd 5 , respectively . Finally , we summarize our findings in Section 6 .
For distances and angular sizes we adopt the cosmological param-

ters H 0 = 70 km s −1 Mpc −1 , �m , 0 = 0.3 and �� , 0 = 0.7. Emission-
ine wavelengths are given in vacuum and taken from the SDSS. 1 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

.1 X-ray obser v ations 

hree observations of NGC 5972, totalling 55 ks, were obtained
rom the Chandra Data Archive. 2 These observations were taken
sing the Advanced CCD Imaging Spectrometer (ACIS), centred on
he back-illuminated S3 chip within the ACIS-S array. The dates and
engths of these observations are given in Table 1 . The observations
ere reduced using the Chandra Interactive Analysis of Observations

 CIAO ) package (Fruscione et al. 2006 ) versions 4.1.3 and 4.6.8 of the
handra Calibration DataBase. The observations were reprocessed
sing the standard CHANDRA REPROCESS script, followed by deflaring
using DEFLARE ) to remo v e periods of high background at a confidence
evel of 3 σ . NGC 5972 itself was excluded from the deflaring process.
here were very few periods of high background, and the lengths of

he total and useful observations are given in Table 1 . 
As is now the default option in CIAO , the observations were

eprocessed to take advantage of the subpixel capabilities of the
NRAS 526, 4174–4191 (2023) 
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CIS detector due to the spacecraft dither. The Energy Dependent
ubpix el Ev ent Repositioning algorithm (Li et al. 2004 ) can impro v e

he spatial binning of the inferred event positions and fully sample
he instrumental point spread function (PSF), increasing spatial
esolution beyond the limitation imposed by the 0.492 arcsec detector
ixels to 0.1–0.2 arcsec. 
The indi vidual observ ations were astrometrically aligned to the

ongest observation (ObsID 19562). First, the FLUXIMAGE tool was
sed to generate an image with 1/2 pixel binning (0.256 arcsec) from
he event files, then a source list was extracted using WAVDETECT . The
ource lists were compared using WCS MATCH and the astrometry of
he event and aspect files were corrected using WCS UPDATE . We allow
nly translational alignment of the images to a v oid calibration issues
ith the aligned data products. 
In order to identify as many sources as possible to obtain the

est match we combine the observations using merge obs and use
he same process as abo v e to align the merged event file to the
 anoramic Surv e y Telescope and Rapid Response System Data
elease 1 (Pan-STARRS DR1) catalogue (Chambers et al. 2016 ).
he final reported root mean square offset between the extracted
ource list and the catalogue is 0.09 arcsec. This ensures we have a
recise astrometric match to the HST imaging to allow comparison
f small-scale features. The computed transform was then used to
lign each individual observation with the Pan-STARRS catalogue. 

.2 Optical data 

.2.1 HST imaging 

ST imaging of NGC 5972 has been analysed e xtensiv ely by
eel et al. ( 2015 , 2017 ). They obtained emission-line images of

he [O III ] λ5008 line in the Advanced Camera for Surv e ys (ACS)
R505N ramp filter and H α + [N II ] images with Wide Field Camera
 (WFC3) F673N narrow-band filter. Details of these observations
re given in T able 2 . W e obtained these observations from the Hubble
e gac y Archiv e and reduced them following the steps in Keel et al.
 2015 ) to produce continuum subtracted and astrometrically matched
mages of NGC 5972 in flux units of photons cm 

−2 s −1 . 

.2.2 HST spectroscopy 

lit spectroscopy of NGC 5972 was taken during HST Cycle 23
PI: W. P. Maksym, Proposal ID 14271). The sightline used was
ositioned to obtain spectra from the arcsecond scale [O III ] bubble
een in the HST [O III ] imaging. The slit location is shown in Fig. 1 ,
ith the slit centre located at RA 15:38:54.0760, Dec. + 17:01:34.590

shown by green cross on far right) at a position angle (PA) of 93 ◦.
he observations were taken using the STIS with gratings G430L
nd G750M. The slit used has an aperture of 52 arcsec × 0.2 arcsec.
etails of the observations are given in Table 2 . Each observation was

plit into three components for cosmic-ray rejection, but there is still

http://classic.sdss.org/dr6/algorithms/linestable.html
http://cda.harvard.edu/chaser
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Figure 2. A three colour image of the radio and [O III ] emission from NGC 5972. The blue and red channels sho w VLA observ ations at dif ferent wavelengths 
(VLASS 10 cm and VLA 20 cm, respectively) which are highlighted by logarithmic contours of the corresponding colour. The blue radio lobe contours have 
three levels with a dynamic range of 0.0007 to 0.003 Jy beam 

−1 , and the red contour shows one level of 0.0003 Jy beam 

−1 to indicate strong radio emission. 
The HST [O III ] is shown in green for reference, and the cutout shows an enlarged view of the [O III ] structure o v erlaid with the jet emission in red. 
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 high cosmic-ray background in the processed 2D spectra produced 
y the Hubble Le gac y Archiv e’s automated pipeline. To reduce this,
e obtained the raw data files and used the PYTHON ASTROSCRAPPY

McCully et al. 2018 ) implementation of the L.A Cosmic algorithm 

van Dokkum 2001 ) to remo v e cosmic rays. The tool was run with a
hreshold value of 5 σ which remo v ed most of the cosmic rays. The
aw files were then processed using the CALSTIS script from the PYTHON 

ackage STISTOOLS 3 to produce cosmic-ray rejected 2D spectral images 
or each grating. Reprocessing the data also decreases the systematic 
ncertainties in the astrometry to < 0.01 arcsec due to the addition of
aia data into the pipeline. 4 

.3 Radio data 

s NGC 5972 has strong radio emission compared to other galaxies 
ith EELRs (Keel et al. 2015 ), we obtained archi v al Very Large Array

VLA) observations in order to make comparisons between the X- 
ay, optical, and radio morphologies. A recent observation of the field 
ontaining NGC 5972 from the Very Large Array All Sky Survey was
ownloaded (VLASS, Lacy et al. 2020 ) using the Canadian Initiative 
or Radio Astronomy Data Analysis (CIRADA) Cutout service. 5 It 
 as tak en at a central wavelength of 10 cm on 2019 March 21 and has
 https:// stistools.readthedocs.io/ en/ latest/ 
 https:// outerspace.stsci.edu/ display/ HAdP/ Impro v ements+in+ 
ST + Astrometry 
 https://ws.cadc- ccda.hia- iha.nrc- cnrc.gc.ca/en/doc/data/

(  

s
 

t  

6

 resolution of 2.5 arcsec. We also obtain an archi v al 20-cm VLA ob-
ervation from the National Radio Astronomy Observatory Archive 6 

aken on 1986 No v ember 26 (Condon et al. 1998 ) with a 45 arcsec
ull width at half-maximum (FWHM, Condon et al. 1998 ). For both
bservations, the default pipeline processing is suitable for our pur- 
oses as we are only interested in the bright, large scale morphology.
ig. 2 shows the 20 cm observation in blue, the VLASS 10 cm
bservation in red, and the HST [O III ] image of NGC 5972 in green.
he central cutout shows an enlarged view of the small-scale radio jet
 v erlaid on the EELR features. The red (cyan) contours indicate the
egions of strong radio emission in the 10 cm (20 cm) observation. 

 M E T H O D  

.1 Chandra imaging 

e produced 1/4 pixel (0.124 arcsec) resolution images of NGC 

972 in the soft X-ray (0.3–2 keV), hard X-ray (2–8 keV), Fe K α

ine (6–7 keV), and Ne IX line (0.865–0.938 keV). We have used
he dmimgadapt algorithm to produce adaptively smoothed images 
here large-scale features are smoothed, while those on small scales 

re preserved. We produce adaptively smoothed images at both 3 σ
9 counts) and 1 σ (3 counts) to look for structure within the extended
oft X-ray emission at different levels of significance. 

In order to determine the nuclear source location, we look for
he telltale strong Fe K α line which is evidence of emission from
MNRAS 526, 4174–4191 (2023) 
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Figure 3. The smoothed soft (0.3–2 keV) X-ray observation binned to 1/4 
ACIS-S pixel size of the central region of NGC 5972. The colour palette has 
been chosen to highlight the range of intensities across this region with a 
logarithmic scale, and the X-ray data are smoothed with a 3 pixel (3/4 ACIS 
pixel) Gaussian kernel. The spatially coincident HST [O III ] observation is 
shown with blue contours, with five contour levels and a dynamic range of 
0.0015–0.01 photons s −1 cm 

−2 pixel −1 . The red circle is the same as shown 
in Fig. 4 and the location of the SMBH is marked with a black cross. The 
labelled dust lane was identified by Keel et al. ( 2015 ) from HST imaging. 
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he outer accretion disc and inner torus (Reynolds 2012 ; Gandhi,
 ̈onig & Kishimoto 2015 ). This hard emission is expected to be a
oint-like source subject to Chandra ’s PSF. The neutral iron line and
ther nuclear iron lines, (e.g. Fe XXV and Fe XXVI ) emit between 6 and
 keV. We limited the event file to this energy range and produced
n image binned to 1/4 ACIS pixel resolution using DMCOPY . Our
nitial method was then to use the wavdetect to do source detection,
enerating an elliptical region centred on the peak of Fe K α emission.
e found issues with reproducibility leading to a modified method

iscussed in Section 5.1 . 

.2 Chandra spectroscopy 

.2.1 Spectr al extr action 

n order to investigate the emission from the nucleus (coincident
ith the [O III ] bubble) we extracted spectra from both a 0.25 and
 arcsec radius apertures centred on the nuclear source location. The
uclear source location used is discussed in Section 5.1 . A region
f radius 6arcsec located 55 arcsec E of the nucleus was used to
stimate the background. The HST [O III ] image was used to define
lliptical apertures co v ering the north and south EELRs. Fig. 4 shows
hese regions with dashed white ellipses. Spectra were extracted from
hese regions using the CIAO tool SPECEXTRACT following standard
rocedures and analysed using the PYTHON package SHERPA (Doe
t al. 2007 ). Spectra were binned to 5 counts bin −1 to maximize
he spectral resolution. The regions contained relatively few counts,
etween 15 and 300 depending on region and observation. For less
han 25 counts bin −1 , the χ2 statistic is unsuitable, and instead we use
he wstat statistic from XSPEC . This statistic assumes that both the
ata and background obey a Poisson distribution and includes the
ackground within the fit without modelling it. The same statistic
nd the SHERPA tool CONF are used to estimate the 1 σ uncertainties in
he best-fitting parameters. We refer to the ‘reduced statistic’, which
s equi v alent to the statistic di vided by the number of degrees of free-
om. This is equi v alent to the traditional χ2 

red for large counts bin −1 .

.2.2 Spectral modelling of nucleus 

he medium-hard X-ray emission from the nucleus of NGC 5972
as been modelled by Zhao et al. ( 2021 ) based on the archi v al
handra X-ray data (1–7 keV) as well as NuSTAR data (3–78 keV).
s NGC 5972 is Compton-thick, the harder energy range co v ered
y NuSTAR is needed to constrain AGN properties such as the
ower-law slope. Extended emission from hot gas in the bubble and
LR is contaminated with emission from the central engine due to
SF spread. We have to constrain the emission from the AGN itself
efore we introduce models for the extended soft emission. 

 = c 1 × phabs gal × ( borus02 + pl cutoff × ( phabs los × cabs los + c 2 )) . (1) 

hao et al.’s ( 2021 ) XSPEC model, given in equation ( 1 ), consists
f a physically moti v ated clumpy torus model derived from Monte
arlo simulations (borus02, Balokovi ́c, Garc ́ıa & Cabral 2019 ) plus
n absorbed cut-of f po wer law ( pl cutoff ×phabs ×cabs ) and a small
ractional constant representing unabsorbed reflected emission
 c 2 × pl cutoff ). The borus02 model models the reprocessing of the
mission from the outer accretion disc and inner torus, while the
bscured power-law models the line-of sight (LOS) absorption of
he continuum. The entire model is multiplied by a phabs absorption
omponent representing Galactic absorption from the local Milky
ay ISM, with N H = 3.12 × 10 20 cm 

−2 from the Colden Calculator
NRAO dataset, Dickey & Lockman 1990 ) in the CXC Proposal
lanning Toolkit. They fit the X-ray emission from NGC 5972
NRAS 526, 4174–4191 (2023) 
sing an extraction region of radius 5 arcsec (75 arcsec) for Chandra
NuSTAR) observations. We freeze their best-fitting values for
he following parameters; photon index 	 = 1.75; LOS column
ensity log N H, los = 23.79; torus-averaged column density log
 H, tor = 23.34; inclination angle cos( θ inc ) = 0.856; and co v ering

actor c f = 0.9 in our model. First, we fit the hard emission (2–8 keV)
ithin 0.25 arcsec of the central engine to fix the fractional constant
hich represents reflected emission and dominates between 2 and
 keV. We then fit the spectra from the 2 arcsec bubble region for
he same energy range to constrain the o v erall scaling factor of the
GN model, before introducing further model components to model

he soft emission below 2 keV. 
To characterize the soft emission, we explored combinations of the

hysically moti v ated models used for Mrk 573 by Paggi et al. ( 2012 ).
his includes a component representing collisionally ionized diffuse
as ( APEC , Smith et al. 2001 ) and the CLOUDY derived (Ferland et al.
998 ) table model used by Paggi et al. ( 2012 ), which represents
mission from gas photoionized by an AGN spectra. The CLOUDY

odel fits a grid of ionization parameters ( −2 ≤ log U ≤ 3) and
olumn densities (19 ≤ log N H ≤ 24). The column density refers to
he density of obscuring material between the ionized plasma and
he AGN. 

We fit the two longest and concurrent observations (ObsIDs 19562
nd 20893) simultaneously and do not include the short, older
bservation as some of the model parameters (e.g. N H , los , the LOS
olumn density) can be time-dependent. 

.2.3 Spectral modelling of EELRs 

ig. 4 shows the dashed white ellipses which indicate the regions
sed to extract the spectra of the north and south EELRs. We fit
ombinations of APEC and CLOUDY models multiplied by the Galactic
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Figure 4. Left: the HST [O III ] emission (green) o v erlaid with the soft (0.5–2 keV, blue), 3 σ adaptively smoothed ACIS-S X-ray observation of NGC 5972. 
The red channel represents the hard (2–8 keV) emission smoothed with a 3 pixel Gaussian on a log arithmic scale. The log arithmically spaced contours (yellow) 
trace the soft emission, with five contour levels and a dynamic range of 0.01–0.5 counts cm 

−2 s −1 pix el −1 . The re gions containing the EELRs are shown by 
dashed white ellipses, the [O III ] bubble location is circled in red and the nuclear source location is shown with a red cross. The purple contours show the 
location of the radio emission based on the 3 GHz VLASS observation. Centre: the soft X-ray (0.5–2 keV) observation of NGC 5972, adaptively smoothed at 
1 σ , shown on a log scale. Cyan HST [O III ] contours of 0.004 and 0.019 counts cm 

−2 s −1 are o v erlaid to show the correlation with the EELR. Right: the ratios 
of F([O III ] λ5008) to F(0.3–2 keV) for the EELRs, binned to the nativ e ACIS-S pix el size. Re gions showing the location of the EELRs and [O III ] bubble are 
o v erlaid for comparison. Black pixels indicate no X-ray flux. 
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bsorption model ( phabs ) to the extracted spectra in the soft (0.3–
 keV) band. The north and south regions were fit separately and we
t only the two longest observations as the emission from the EELRs
re not well constrained in the short 10 ks observations (ObsID
8080). We again bin the spectra to 5 counts bin −1 and use the wstat
tatistic due to the low numbers of total counts in each region. 

.3 Chandra PSF modelling 

e followed the standard Chandra science threads 7 to simulate the 
SF of each observation and energy band (0.5–1.5, 1.5–3, 3–6, and 
–7 keV) using the Chandra Ray Tracer (ChaRT) v2 (Carter et al.
003 ). For the source spectrum, we used the Zhao et al. ( 2021 )
pectral model plus our best-fitting CLOUDY model of the soft X-ray 
mission below 2 keV. We simulate each observation individually as 
he y hav e dif ferent of f-axis angles and aspect solutions. We ran 1000
terations of the simulation for each observation and energy band to 
nsure our PSF model was robust. 

We used MARX (Davis et al. 2012 ) to project the simulated rays
rom CHaRT onto the detector and generate a PSF image. To test
hether the apparent extent was real rather than an artefact of the PSF
e extracted counts from both the observations and the simulated 
SF images using CIAO ’s dmextract tool. We use concentric annuli 
ith radii 0.3, 0.6, 0.9, 1.2, 1.5, 2, 2.5, and 3 arcsec centred on

he nuclear source location. It is well documented that the Chandra
SF exhibits an asymmetry at small scales, and we exclude this
 http:// cxc.harvard.edu/ ciao/ threads/ prepchart/ 

m  

t  

t  
egion of higher counts using the MAKE PSF ASYMMETRY REGION for each
bservation. The same background region as used in the spectral 
xtractions is used here, and the uncertainties in the counts in each
e gion are giv en by the Poisson distribution with σN = 

√ 

N , or by
he Gehrels approximation in the low count ( N ≤ 25) regime σN =
 

N + 0 . 75 . 
We use this to compute radial surface brightness profiles which 

e normalize by the counts in the central bin. For observations and
nergy ranges which demonstrate statistically significant extended 
mission we repeat the process with annuli split into quadrants 
ligned in the cardinal directions. This allows investigation of 
otential azimuthal variation in the extended emission, which would 
e further evidence of an origin unrelated to Chandra PSF spread,
hich is radially symmetric to first order (Allen, Jerius & Gaetz
004 ). 

.4 [O III ] to soft X-ray ratios 

here is a well-known relationship between soft (0.5–2 keV) X-ray 
mission and [O III ] emission, which is often found to be coincident
n extent and morphology (see e.g. Bianchi, Guainazzi & Chiaberge 
006 ; Wang et al. 2011 ). The ratio itself has been found to be inversely
roportional to the ionization parameter of the gas (Bianchi et al.
006 ). To produce a spatially resolved image of this ratio across
GC 5972, we convert our HST [O III ] image to energy flux units by
ultiplying by inverse sensitivity ( PHOTFLAM header k eyw ord) and

he ef fecti ve width of the filter. The ef fecti ve width of the FR505N
unable ramp filter (centred on 5156 Å) was calculated with the
MNRAS 526, 4174–4191 (2023) 
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TSYNPHOT package to be 112.07 Å. We then smooth and reproject
he HST image to match the angular resolution and pixel scale of the
inned Chandra data. To create an X-ray image in units of erg cm 

−2 

 

−1 we use the output image of MERGE OBS filtered to between 0.3 and
 keV, with 1:1 pixel binning and multiply by the average energy of
he events using DMIMGCALC . We then crop to the scale of the HST

FC-3, and use DMIMGCALC to calculate the ratio of the two images. 

.5 Optical spectra 

.5.1 Optical emission-line fitting 

he 2D HST spectra have both a spatial and spectral axis, which
llows investigation of the line and continuum emission at positions
cross the [O III ] bubble. Fig. 1 shows the orientation of the STIS
xtraction slit along the long axis of the bubble which allows us
o probe the velocities and strength of line emission at different
ocations across the [O III ] bubble. The G750M grating, which
ontains the notable emission lines; H α, [N II ] λ6585, [N I ] λ6529,
nd the [S II ] λ6718/6733 doublet, shows very little continuum
mission abo v e background. The G430L grating, which is dominated
y the [O III ] λ5008 emission line, shows some evidence of weak
ontinuum background. This background is low and constant across
his emission line, so we fit it only as an additional additive constant
uring this analysis. We first shift the wavelength axis to account
or the redshift of the galaxy due to the Hubble flow. We infer the
edshift of the galaxy from the Calcium (Ca II ) absorption triplet at
acuum wavelengths 8498, 8542 and 8662 Å, which is a tracer of
ld stellar populations (Andretta et al. 2005 ). We choose this feature
ecause it is in the NIR, so it is less affected by reddening and dust
bsorption. We re vie w spectra of NGC 5972 from the SDSS DR16
Ahumada et al. 2020 ), with a spatial single fibre resolution of 3arcsec
arginally sufficient to resolve the central region. In the spectra the
alcium triplet is clearly visible, with observed wavelengths 8752,
798, and 8923 ( ±5) Å respectively, which corresponds to an average
edshift of 0.0300 ± 0.0001. 

We fit a single Gaussian component to each of the H α, [N II ] λ6585,
nd [O III ] λ5008 emission lines at dif ferent spatial of fsets using the
mfit package. The model finds the best fits and confidence intervals of
he mean wavelength, FWHM, and amplitude for each line. We also
t two Gaussian components to the emission lines spatially integrated
cross the central 0.3 arcsec of the bubble to search for evidence
f kinematically disturbed gas. We fit one dominant component to
ach emission line, with an additional secondary component fitted to
ainter emission from kinematically offset gas. 

The resultant fitted models are filtered to exclude models with
 xtreme FWHM or v ery lo w amplitude. We also interacti v ely e xclude
odels that are a poor fit to the data. For each well-fitted emission

ine, the Doppler shift of the observed mean wavelength from its
est vacuum wavelength 8 is used to calculate the velocity of the gas
elative to the central offset with the strongest [O III ] flux. The FWHM
f the emission lines are also calculated, which are a measure of the
elocity spread from the broadening of the emission lines. Given
hat the [O III ] bubble is extended, we assume that the STIS slit is
lled, resulting in a 4 pixel resolution (Prichard, Welty & Jones
022 ). This is equi v alent to an FWHM of 2.2 and 11 Å for G750M
nd G430L gratings, respectively. At the wavelengths of H α and
O III ] the velocity resolution is therefore ≈100 and 640 km s −1 ,
NRAS 526, 4174–4191 (2023) 

 http:// classic.sdss.org/ dr6/ algorithms/ linestable.html 

l  

s  

2  

w

espectively. We subtract the wavelength broadening from the best-
tting FWHMs in quadrature. 

.5.2 Balmer decrement correction 

n our data set, both the [N II ] λ6585 H α and [O III ] λ5008 emission
ines are very strong across the b ubble, b ut the H β line is much
eaker. As metal and Balmer absorption lines in the spectrum of

ater-type stars can partially or fully obscure the H β emission line,
he stellar background continuum must be modelled and subtracted
n order to accurately estimate the unabsorbed line flux (Liang et al.
004 ; Gro v es, Brinchmann & Walcher 2012 ). To do this we use the
enalized pixel-fitting ( PPXF ) package detailed in Cappellari ( 2017 )
hich fits combinations of stellar templates to the spectra. We used

he MILES library of stellar spectra (Falc ́on-Barroso et al. 2011 )
ased on the Vazdekis et al. ( 2010 ) population models. We degraded
he pixel scale of the Vazdekis templates (2.51 Å) to match the pixel
cale of the G43OL grating. The spectral lines are masked during the
t, but the fitted stellar populations are used to estimate the H β flux
bsorbed by the stellar continuum. 

We subtract the continuum model from the spectra and then
alculate the flux in the H β line using lmfit . We also determine
he flux in the H α line, and calculate the central Balmer decrement
H α/H β) assuming constant reddening across the bubble. We then
sed this relationship to estimate off-axis H β fluxes. We then produce
he common diagnostic diagram known as a Baldwin, Phillips and
erlevich (BPT) diagram (Baldwin, Phillips & Terlevich 1981 ) used

o identify the ionizing source. We calculate the [O III ] λ5008/H β

nd [N II ] λ6585/H α ratios of emission-line flux and plot them to
etermine the ionization source across the bubble. 

 RESULTS  

.1 X-ray imaging 

.1.1 Nucleus 

e report the detection of an abo v e-background X-ray flux (0.3–
 keV) from the centre of NGC 5972. We measure a soft flux
0.5–2 keV) within a 2 arcsec region of the central engine of of
.65 ± 0.15 × 10 −14 erg cm 

−2 s −1 abo v e background. This emission
s spatially coincident with the bubble seen in the [O III ] HST
bservations. 
Fig. 3 shows the smoothed soft (0.3–2 keV) X-ray emission spa-

ially coincident with the [O III ] bubble. The false colour palette was
hosen to highlight the surface brightness range across the emitting
egion. The HST [O III ] contours are overlaid for comparison, with the
rightest [O III ] point labelled with a blue cross. The nuclear source
ocation, shown with a black cross, is discussed in Section 5.1 . Fig. 4
left) shows the HST [O III ] emission in green, the soft X-Ray (0.5-2
eV) in blue and the hard X-Ray(2-8 keV) in red. Purple contours
n Fig. 4 also show the jet emission observed at 10 cm (3 GHz)
ith VLASS. Fig. 5 (centre) shows the same comparison but for the
ard broad-band emission between 2 and 8 keV, smoothed with a
 pixel Gaussian kernel. Fig. 5 (right) shows the smoothed 6–7 keV
mission which is associated with the nuclear source. Counts within
he asymmetry region have been removed as discussed in Section 5.1 .
ig. 5 (left) isolates emission from the Ne IX 0.905 keV transition

ine (filtered to 0.865–0.938 keV), which has been associated with
hocked emission in other sources (e.g. NGC 3933 Maksym et al.
019; NGC 4151 Wang et al. 2011 ). This image is shown unsmoothed
ith 1/4 ACIS pixel binning. 

http://classic.sdss.org/dr6/algorithms/linestable.html
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Figure 5. The Ne IX (0.865–0.938 keV, left) hard (2–8 keV, centre) and nuclear (6–7 keV, right) X-ray emission co-incident with the [O III ] bubble is shown 
on a logarithmic colour scale. The spatially coincident HST [O III ] observation is shown with blue contours. The data have been binned to 1/4 ACIS-s pixel size 
and smoothed with a 3 pixel Gaussian Kernel for the central and left figures. The Ne IX data are unsmoothed as there are a low number of counts in this narrow 

energy range. The red circle is the same as shown in Fig. 4 and the location of the SMBH is marked with a black cross. The green circle shows the potential 
point source to the south of the nucleus. The labelled dust lane was identified by Keel et al. ( 2015 ). Other figure parameters are the same as Fig. 3 . 
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.1.2 EELRs 

e also detect an abo v e-background soft X-ray (0.3–2 keV) flux
oincident with the EELRs to the north and south of the [O III ] bubble.
his soft X-ray flux extends 15–20 arcsec from the central region in
oth the north and south directions. Fig. 4 shows the white dashed
llipses, we integrate the flux over for each EELR. We find a soft
0.5–2 keV) flux for the north (south) arm of 6.4 ± 0.7 (5.4 ± 0.7) ×
0 −15 erg cm 

−2 s −1 abo v e background. Fig. 4 (left) shows the 3 σ
daptively smoothed soft X-ray (0.5–2 keV) in the blue channel 
 v erlaid on the green HST [O III ]. The red channel shows the hard
2–8 keV) emission, smoothed with a 3 pixel Gaussian. The soft
-ray emission shows the location of hot X-ray emitting gas relative 

o the EELR [O III ] emission and is further highlighted with yellow
ogarithmically spaced contours. The location of the central engine 
nd the region containing the [O III ] bubble are also shown with
 red cross and dashed red circle. The nuclear source location is
iscussed in Section 5.1 . This image is smoothed to highlight the
iffuse emission from the EELRs, and as a result the emission near
he centre is purposefully o v er-e xposed. Fig. 4 (right) shows the 1 σ
daptively smoothed soft X-ray (0.5–2 keV) emission overlaid with 
ontours showing the HST [O III ] EELR emission. 

We do not detect a significant hard X-ray flux coincident with 
ither EELR, with the only exception being a potential hard X-ray 
oint source in the north EELR. Fig. 4 shows the potential point
ource with a blue circle. No optical counterpart is seen in HST
arrow-band or continuum imaging. This source is only marginally 
etected; we associate 6 counts between 3 and 6 keV with this source.

.1.3 Spatial extent 

ig. 6 shows the radial surface brightness profile of the real and
imulated observations for four different energy bands (0.5–1.5, 1.5–
, 3–6, and 6–7 keV) as a function of radial distance from the nuclear
ource location. The different observations are combined with an 
verage weighted by exposure time, and the surface brightness is 
ormalized by dividing each profile by the total number of counts 
ithin 0.5 arcsec of the source location. The 1 σ uncertainties shown 

re propagated from the number of counts in each region under 
he Gehrels approximation. The Poisson uncertainty in the PSF 

imulations is negligible by comparison given the large number of 
imulations used. The soft emission (0.5–1.5 keV) clearly demon- 
trates spatial e xtent abo v e the PSF up to 2.5 arcsec from the central
oint. The 1.5–3 keV energy band also shows potential abo v e
ackground emission between 1 and 1.5 arcsec from the centre. The
wo higher energy bands do not demonstrate any spatial extent when
nalysed radially. We also investigate the azimuthal dependence of 
he spatial extent of the soft emission. Fig. 6 shows the surface
rightness profile of the soft emission as a function of radial distance
or quadrants aligned in the cardinal directions. The profiles are 
ormalized by the central number of counts in each central quadrant.

.1.4 [O III ] to soft X-ray ratio maps 

or the [O III ] bubble and EELRs, we compute a [O III ] λ5008
ux from HST ACS image. For the north (south) EELR, we
alculate 1.43 ± 0.06 (1.72 ± 0.07) × 10 −13 erg cm 

−2 s −1 abo v e
ackground. For the [O III ] bubble, we compute an [O III ] flux of
.27 ± 0.45 × 10 −13 erg cm 

−2 s −1 . 
Fig. 4 shows the ratio of [O III ] λ5008 flux to soft (0.5–2 keV) X-

ay flux for the regions covering the bubble and both EELRs, which
e bin to the ACIS-S pixel size given the low number of counts in the
ELR regions. We indicate pixels with no soft X-ray flux in black. 
Combining this with our computed X-ray fluxes, we calculate 

verage [O III ]/soft X-ray flux ratios which are less sensitive to
ingle pix el variation. F or the [O III ] bubble, we compute a ratio
f 2.67 ± 0.23. For the north and south EELRs, we compute ratios
f 24.4 ± 3.7 and 34.1 ± 5.4, respectively. 

.2 X-ray spectroscopy 

.2.1 Nucleus 

he spectra are fitted to the model described in section 3.2.2 from
hao et al. ( 2021 ), with all parameters other than the two scaling
onstants fixed to the authors best-fitting values. We show the abso-
ute residuals of this model for each observation under each spectra.

e first fit this model to the emission from a 0.25 arcsec region
o constrain the normalization of the scaling constant for reflected 
mission (const 2 ), finding a best-fitting value of 1.3 + 0 . 6 

−0 . 4 per cent with
 reduced statistic of 0.90. For comparison, Zhao et al. ( 2021 ) found
 value of 1.4 per cent, which is within error of our value. 

Const 2 was frozen at this value, and Fig. 7 shows the fit and
esiduals of this model to the spectra extracted from a larger 2 arcsec
MNRAS 526, 4174–4191 (2023) 



4182 T. Harvey et al. 

MNRAS 526, 4174–4191 (2023) 

Figure 6. Left: the radial surface brightness profile of the X-ray emission in different energy bands centred on the nuclear source location in Fig. 4 . The counts 
are extracted from concentric circular annuli. Right: the surface brightness profiles of the soft (0.5–1.5 keV) X-ray emission split into quadrants aligned with 
the cardinal directions. In both figures, the profile for the real observations and simulations of the Chandra PSF are compared, and are normalized by the total 
number of counts within 0.5 arcsec of the source. The uncertainties in the PSF simulations are negligible in comparison to the observed data. 

Figure 7. The hard (3–8 keV) spectra extracted from the 2 arcsec regions 
centred on the nuclear source location, binned to 5 counts bin −1 , for Chandra 
observation 19 562 of NGC 5972. Zhao et al.’s ( 2021 ) model is o v erlaid, 
with the model components shown in dashed lines. The ‘Grouped Model’ 
shown in orange, refers to the model binned to the resolution of the data. The 
full resolution model is also shown in green. The residuals of the model for 
each observation are shown underneath. The values of the scaling constants 
are shown, with a ∗ indicating if the component is frozen during the fitting 
process. 
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egion, which we use to constrain the value of the o v erall scaling
onstant of the nuclear spectral model. The energy range is still
onstrained to 2.5–8 keV to exclude the soft emission. For this scaling
onstant (const 1 ), we calculate a value of 1.15 + 0 . 07 

−0 . 06 with a reduced
tatistic of 0.93. 

We then freeze both constants to produce a final model describing
he nuclear emission abo v e 2.5 keV. Using the same extraction region
2 arcsec circle), we now expand our allowed energy range to include
oft emission between 2.5 and 0.3 keV and introduce new models
o fit these spectra. Table 3 shows the results of fitting combinations
f APEC and CLOUDY models to this soft emission. The columns
ive the model used and the physically rele v ant model parameters
column density and ionization parameter for the CLOUDY model

nd temperature and emission measure (normalization) for the
PEC models. They also give the goodness-of-fit statistic, which

s equi v alent to the reduced χ2 statistic, where a fit ≤1 indicates a
ood fit. Fig. 8 shows the extracted spectra across the full energy
ange, fitted with our best double APEC model for the soft emission.
ig. 8 shows the two fitted spectra o v erlaid with the best CLOUDY fit.
he goodness-of-fit statistic indicates a good fit but the best-fitting
olumn density is at the lower boundary for this model (log N H 

 19.0 cm 

−2 ). 
We have computed the bolometric luminosity of the AGN based

n Zhao et al.’s ( 2021 ) estimate of the 2–10 keV luminosity
rom their X-ray spectral modelling. Zhao et al. ( 2021 ) found
 . 17 + 1 . 07 

−1 . 15 × 10 42 erg s −1 for the 2–10 keV luminosity based on the
ame spectral model. Accounting for a bolometric correction factor
f 12 + 8 

−3 taken from Netzer ( 2019 ), we find a bolometric luminosity
f L bol = 7 . 5 + 5 . 2 

−2 . 3 × 10 43 erg s −1 . The bolometric correction factor is
ot well constrained, increasing the uncertainty in our luminosity
stimate. Our bolometric luminosity estimate is consistent with the
pper limit given by Keel et al. ( 2017 ) of < 1.7 × 10 44 erg s −1 based
n WISE mid-IR observations. Finlez et al. ( 2022 ) find a current
olometric luminosity of 2.0 × 10 44 erg s −1 based on Gemini Integral
ield Unit (IFU) observations. 
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Table 3. Table contains best-fitting model parameters for X-ray spectra extracted from the nuclear bubble, north and south EELR regions in NGC 5972. The 
first column gives the spectra model fitted between 0.3 and 2.5 keV, with the second and third columns giving the best-fitting parameters of that model. All 
models were also multiplied by a fixed phabs component representing Galactic absorption. The last column gives the goodness of fit in the form of the reduced 
statistic calculated for each model. A star next to the reduced statistic indicates that one or more of the best-fitting parameters has reached a limit in the parameter 
space. Where possible uncertainty bounds are indicated on model parameters, but a ±u indicates a parameter with unconstrained uncertainty. 

Region Model Best-fitting parameters (Model 1) Best-fitting parameters (Model 2) Reduced statistic 

Nuclear bubble CLOUDY log N H = 19.0 + u −u cm 

−2 , U = 0.32 + u −u 0 .99 ∗
APEC kT = 0.246 + 0 . 04 

−0 . 05 keV, norm = 2.4 + 1 . 6 −0 . 7 × 10 −5 1 .06 
APEC + CLOUDY kT = 0.04 + 0 . 09 

−0 . 02 keV, norm = 0.6 + 21 
−0 . 6 log N H = 19.4 + u −u cm 

−2 , U = 0.48 + 0 . 23 
−0 . 30 0 .99 

APEC 1 + APEC 2 kT = 0 . 80 + 0 . 09 
−0 . 12 keV, norm = 4 . 8 + 1 . 8 −1 . 4 × 10 −6 kT = 0 . 10 0 . 06 

−0 . 08 keV, norm = 4 . 2 + u −3 . 7 × 10 −4 0 .98 
CLOUD Y 1 + CLOUD Y 2 log N H = 19.0 + u −u cm 

−2 , U = 0 . 32 + u −u log N H = 20.16 + u −u cm 

−2 , U = 0.007 + u −u 1 .02 ∗
North arm CLOUDY log N H = 22.7 + 0 . 2 −0 . 2 cm 

−2 , U = 1.2 + 0 . 3 −0 . 3 0 .61 
APEC kT = 3.4 + 1 . 2 −1 . 2 keV, norm = 9.9 + 2 . 0 −2 . 0 × 10 −6 1 .38 
APEC + CLOUDY kT = 0.012 + u −u keV, norm = 0.069 + 0 . 06 

−0 . 06 log N H = 1.2 + 0 . 3 −0 . 3 cm 

−2 , U = 22 . 8 + 0 . 4 −0 . 4 0 .74 
APEC 1 + APEC 2 kT = 3 . 4 + u −u keV, norm = 9 . 8 + u −u × 10 −6 kT = 0.008 + u −u keV, norm = 8 + u −u × 10 −4 1 .65 ∗
CLOUD Y 1 + CLOUD Y 2 log N H = 22.8 + u −u cm 

−2 , U = 1.2 + u −u log N H = 19.6 + u −u cm 

−2 , U = 0.07 + u −u 0 .83 
South arm CLOUDY log N H = 19 + u −u cm 

−2 , U = 1 + u −u 1 .43 ∗
APEC kT = 0.63 + 0 . 12 

−0 . 12 keV, norm = 4 . 5 + 1 −1 × 10 −6 1 .3 

Figure 8. The 0.3–8 keV X-ray spectra extracted from a 2 arcsec region 
centred on the nuclear source location for ObsID 19562, binned to 5 
counts bin −1 , for two of the Chandra observations of NGC 5972. On the 
right plot, the best-fitting double APEC model is shown with grey and pink 
dashed lines, and on the left plot, the best-fitting CLOUDY model is shown 
with a green dashed line. Zhao et al.’s ( 2021 ) model is included for the 
harder emission. The residuals of the model for each observation are shown 
underneath. The goodness-of-fit statistic, o v erall scaling constant are shown 
for both fits. 
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Figure 9. This figure shows the spectra extracted from the north EELR 

region, which is indicated by dashed white ellipse in Fig. 4 for ObsID 19562. 
The spectra are binned to 5 counts bin −1 and the error bars indicate the 1 σ
uncertainty under the Gehrels approximation. The best-fitting photoionization 
( CLOUDY ) model is o v erlaid, both at its native resolution and binned to the 
same resolution as the spectra. The reduced statistic indicating the goodness 
of fit of the model, as well as the best-fitting parameters and their uncertainties 
are shown. The residuals of the model to each binned point are also shown in 
the lower plots. 
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.2.2 EELRs 

able 3 shows the results of fits of combinations of thermal ( APEC )
nd photo-ionization ( CLOUDY ) models fitted to spectra extracted 
rom the elliptical regions covering the north and south EELRs. The 
est-fitting parameters and goodness-of-fit statistic are given. Fig. 
 shows the best-fitting model and corresponding residuals for the 
pectra extracted from the north EELR. The best model is a single
LOUDY multiplied by an absorbing phabs model tied to the Galactic 
bsorption from the Milky Way. This model is not a good fit to the
pectra from the south EELR. 

.3 STIS spectroscopy 

.3.1 Emission-line profiles 

ig. 10 shows the spectra extracted from the 2D STIS spectra along
he central row, which is defined as the row with the strongest
ine emission. In pixel coordinates, this corresponds to row y = 626
nd 627 for the G750M and G430L observ ations, respecti vely. The
pectra are shown uncorrected for their redshift, but the theoretical 
avelength of common emission lines are overlaid for the Ca- 

riplet derived redshift ( z = 0.0300). The vacuum wavelengths are
aken from the SDSS table. 9 The theoretical wavelengths show a 
ystematic offset from the emission lines shown because of the 
elativ e v elocity difference of the central re gion relativ e to the
erived systemic velocity of the system. For the G430L spectra, 
here we fitted the stellar continuum to find the unabsorbed H β

ux using PPXF , the stellar continuum subtracted spectra is also
hown. 
MNRAS 526, 4174–4191 (2023) 
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M

Figure 10. Top (bottom): STIS G750M (G430L) spectra of the nuclear 
bubble, summed across the 0.5 arcsec region surrounding the central row of 
the 2D spectra. The observ ed wav elength is shown, as well as the wavelengths 
and names of common emission lines. For the G430L spectra, both the 
observed spectra and the stellar continuum subtracted spectra from PPXF 

are shown for comparison. 

Figure 11. The radial velocity profile of the gas across the bubble computed 
from the Doppler shift of the bright [O III ], H α, and [N II ] emission lines rela- 
tive to their strongest points. The confidence intervals shown are propagated 
from the uncertainty in the Gaussian fitted to each emission line. The on the 
sky orientation of the extracted velocity profile is indicated by the cardinal 
directions in the upper right/left corners. 
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Figure 12. BPT diagram (Baldwin et al. 1981 ) showing the ratios of 
diagnostic lines as a function of offset position across the [O III ] bubble. 
The ratio of these lines indicates the ionizing source, which are labelled in 
black and separated by the shaded blue lines Kauffmann et al. ( 2003 ). See 
Section 3.5.2 for more details. The offset position is indicated by the colour 
bar on the right side of the plot. For comparison, the H β line strength at the 
central position is shown in orange. 
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.3.2 Kinematics 

ig. 11 shows the computed radial velocity of the gas within the
ubble as a function of offset position. The radial velocity was
omputed from the Doppler shift of the H α, [N II ], and [O III ]
NRAS 526, 4174–4191 (2023) 
mission lines relative to their rest wavelengths. The offset position
 x -axis) was determined relative to the spectrum with the highest
O III ] line flux, which we have assumed to correspond to the brightest
O III ] region in the HST imaging. 

The H α emission line spatially integrated across the inner
.2 arcsec of the bubble was best fit with a double Gaussian profile,
ith a secondary component offset by 4 Å contributing to a faint

wing’ with 5 per cent of the flux of the primary line. This corresponds
o a velocity offset of 210 km s −1 . The addition of a second Gaussian
o the fit of the spatially [N II ] and [O III ] emission lines did not
mpro v e the fit. 

After subtraction of the instrumental broadening from the best-
tting FWHM of the emission lines, we see no evidence of resolved
 elocity broadening abo v e the resolution of the filled slit across the
ajority of the [O III ] structure, particularly in the lower resolution
430L filter. This places an upper limit on the possible [O III ] velocity
roadening of ≈ 640 km s −1 , which is the resolution of the G430L
rating with a filled slit at the wavelength of the [O III ] emission.
n the G750M, we see peak velocity FWHMs of up to ≈300 km
 

−1 , centred on the region of brightest [O III ] emission. Further from
he centre, we see no velocity broadening abo v e the ≈ 100 km s −1 

esolution of the G750M grating with a filled slit at the wavelength
f H α. 

.3.3 BPT mapping 

rom our fitting of the optical continuum using PPXF , we find a best fit
ith the contributions from three stellar populations of distinct ages;
 dominant component of old stars (age approximately 15 Gyr) and
wo young stellar populations of ages 0.4 and 0.06 Gyr. Subtracting
his model for the stellar continuum and fitting the central H α and
 β lines, we find a Balmer decrement of 3.6 ± 2.2. We use this
almer decrement as a proxy to estimate H β fluxes across the
ubble for the BPT diagram, assuming constant reddening. Fig.
2 shows the BPT diagnostic diagram (Baldwin et al. 1981 ) for
if ferent of fset regions across the [O III ] bubble. The offset of a
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articular point from the central position (highest flux [O III ] offset)
s shown by the marker colour. As the H β flux for offsets across
he bubble is inferred from the H α/H β Balmer decrement at the
entral offset, this point is also plotted in orange for comparison. 
he average uncertainty for both ratios is shown. There is no clear

rend across the [O III ] bubble in either of the ratios. All the emission
rom regions within the [O III ] bubble is consistent with emission
rom an AGN (Seyfert) source. These results agree with Finlez et al.
 2022 ) who find a stellar population within the bubble with an age
f approximately 12 Gyr. The authors also find that the bubble 
nd EELRs are consistent with ionization from AGN continuum 

mission. 

 DISCUSSION  

.1 Nuclear source location and [O III ] mismatch 

he neutral and ionized iron lines (Fe K α, Fe XXV and Fe XXVI )
mit 6–7 keV radiation from the outer accretion disc and the inner
bscuring torus of the SMBH, detectable as point-like emission 
iven the angular scale ∼600 pc arcsec −1 and the 0.1 −0.2 arcsec
ngular resolution. The centroid then serves as a signature of the 
entral engine (e.g. Maksym et al. 2017 ). The exact location of the
GN is important for spectroscopic and surface brightness profile 
nalysis. In Fig. 5 , an almost unresolved point source appears about
 arcsec to the south of the central region, which is most likely an
rtefact of PSF asymmetry in the Chandra PSF at small scales (see
ashyap 2010 ) is the most likely source of this anomalous point

ource. We remo v e some of the e xcess counts within the asymmetry
egion based on the PSF simulations to find the final uncontaminated 
oint source location. We find that while there is still an excess
rouping of counts abo v e the predicted level, it is not statistically
ignificant enough to confirm a second X-Ray source. The nuclear 
ource location determined by this method (RA: 15:38:54.1575, Dec. 
 17:01:34.449) is used to generate the simulated PSF, as the central

oint for computing the surface brightness gradient, and is shown by 
he black cross in Fig. 3 . The brightest [O III ] emission is located at
A 15:38:54.1379, Dec. + 17:01:34.543 and is shown by the green 
ross in Fig. 3 . The distance between the X-ray source location and
he brightest [O III ] point is 0.3 ± 0.2 arcsec. The model used in
hao et al. ( 2021 ) constrains the torus and inclination angles of the
GN as 32 ◦ and 26 ◦, respectively, suggesting the bi-cone could be
ligned with the plane of the sky. If so, the Fe K α emission would be
bsorbed by the Compton-thick torus but [O III ] emission from the
ore distant NLR would still be observed. Offset between the X-ray 

nd AGN centroids may be because the inner NLR is likely to be
lumpy with regions of high dust extinction, leading to non-uniform 

bsorption. 

.2 Spectra and morphology of the bubble 

e have tested models for the soft X-ray spectra for both a thermally
onized plasma (the APEC model) and for photoionization by an AGN 

the CLOUDY model), as well as combinations of these models. We 
nd that the soft X-ray spectrum is statistically consistent with both 
 multicomponent thermally ionized plasma (two APEC components) 
s well as photoionization from an unobscured AGN continuum. 

When we look at the double APEC fit, we see some correlation in
he residuals, with an excess near 0.9 keV that can potentially be
ttributed to Ne IX emission, but may also have contributions from
he [Fe XVIII ], [Fe XIX ], and [Ni XIX ] lines with similar energies. Fig.
 s  
 shows the Ne IX emission from the bubble, which in other systems
s indicative of shocked emission (e.g. NGC 3933, Maksym et al.
019 ; NGC 4151, Wang et al. 2011 ). The bulk of the soft emission
s best fitted by a single APEC model with a temperature of 0.80 keV,
ith the other component modelling the very soft 0.5 keV excess at
 poorly constrained temperature of ≈0.1 keV. 

The spectrum is also statistically well fitted by the single CLOUDY

odel, but we see significant correlated residuals suggesting that not 
ll the spectral features are modelled correctly, including notably the 
oft excess at 0.5 keV. Multiple CLOUDY components with different 
olumn densities and ionization parameters do not impro v e the fit
r the residuals, although given the extent of the region ( ≈2.5 kpc
iameter), it is likely that there is variation of both of these parame-
ers. Furthermore the column density, we find is at the lower bound
llowed by the tabulated CLOUDY model (log N H = 19.0 cm 

−2 ). We
ere unable to compute a confidence interval for either parameter, so

he upper limit is unconstrained. The medium could be clumpy, with
nots of high column density, but the best-fitting column density is
ikely an underestimate of the true average column density across this
egion. The best-fitting column density being at the lower limit of the
llowed parameter space further suggests that despite a statistically 
obust fit, this CLOUDY model may not be a good physical description
f this system. 
Overall, for the reasons discussed above we prefer the model based

n the multicomponent thermally ionized plasma rather than direct 
hotoionization by the AGN, but we cannot exclude either scenario. 
e also considered a model combining both components, where the 

ulk of the emission was fit by the CLOUDY model and the soft excess
as fit by an APEC model, which was also statistically well fitted to

he data. One comparison that can be made is to extended narrow-
ine regions (ENLRS) in other systems, which display the same 
ignatures of AGN-influence across kpc scales. X-ray studies of sub- 
pc ENLRS (e.g. Paggi et al. 2012 ; Bogd ́an et al. 2017 ; Fabbiano
t al. 2018 ) have shown that the gas populations within ENLRs are
ultiphase, with roles for both photoionized and collisionally ionized 

lasma. For NGC 5972 contributions from both components may 
herefore be needed to fully explain the ENLR emission. A deeper
handra observation (a few hundred ks) would provide better signal 

o noise for spectroscopy and allow us to better differentiate between
hese two hypotheses. Additionally a longer observation would allow 

s to de-convolve the effects of the PSF and make better comparisons
o the small-scale [O III ] structure. 

The soft X-ray emission coincident with the [O III ] bubble shows
 broadly similar morphology to the [O III ] structure, with the same
patial extent. We see soft X-ray emission from the region NW of
he nucleus containing a dust lane, which may suggest that [O III ]
mission is selectively obscured, while soft X-ray emission is not. 
he surface brightness profiles indicate that there is extended soft 

0.5–1.5 keV) X-ray emission out to 2.5 arcsec (1500 pc), which
s preferentially extended along the long axis of the [O III ] bubble.
he BPT maps suggests that the emission observed is consistent 
ith photoionization by an AGN-like source. Whilst the ratios of 

O III ]/H β shown in the BPT diagram are compatible with the best-
tting ionization parameter calculated from the fits to the soft X-
ay spectra (Gro v es & Allen 2010 ), this emission-line diagnostic
s less sensitive to the ionization parameter in the regime where
og 10 U ≥ 0. Other emission-line diagnostics would be required to 
rovide stronger evidence for the measured ionization parameter 
see e.g. Storchi-Bergmann et al. 1998 ; Gro v es, Dopita & Sutherland
004 ; Levesque & Richardson 2013 ; Richardson et al. 2014 ). 
One possibility is that the [O III ] bubble and associated extended

oft X-ray emission is a signature of hot gas ablated from the inner
MNRAS 526, 4174–4191 (2023) 
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Table 4. The results of the calculations based on the best-fitting APEC models 
detailed in Section 5.3 . Units are given next to the parameter name where 
appropriate. The upper and lower bounds or 1 σ uncertainty are given where 
the y hav e been computed. 

Parameter APEC 1 model APEC 2 model 

lkT (keV) 0.80 + 0 . 09 
−0 . 11 0.10 + 0 . 06 

−0 . 08 

EM 5.0 + 1 . 8 −1 . 4 × 10 −6 4.2 + u −3 . 7 × 10 −4 

APEC flux (erg cm 

−2 s −1 ) 1.5 ± 0.6 × 10 −14 1.6 ± 1 × 10 −13 

APEC luminosity (erg s −1 ) 2.9 ± 1.2 × 10 40 3.1 ± 2.1 × 10 41 

Electron density (cm 

−3 ) 0.17 ± 0.04 1.6 + u −0 . 7 

Pressure (dyne cm 

−2 ) 4.2 + 1 . 2 −1 . 1 × 10 −10 4.8 + u −4 . 4 × 10 −10 

Total energy budget (erg) 3.8 + 1 . 2 −1 . 2 × 10 55 4.3 + u −4 × 10 55 

Shock velocity (km s −1 ) 780 + 50 
−50 270 + 80 

−110 

Sound speed (km s −1 ) 450 + 30 
−30 160 + 50 

−60 

Cooling time (Myr) 42 + 14 
−13 4.4 + u −4 

Crossing time (Myr) 2.1 ± 0.3 6.1 + 1 . 9 −2 . 5 

Kinetic power (erg s −1 ) ≥5.7 ± 1.9 × 10 41 ≥ 2 . 2 + u −2 × 10 41 

P kin / L bol ≥ 0 . 8 + 0 . 3 −0 . 2 per cent ≥ 0 . 30 + u −0 . 2 per cent 
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isc venting through a gap in the torus. An outflow directed into
he plane of the galaxy could encounter dense molecular clouds,
hich may be shocked but not efficiently entrained by the outflow.
he outflow could then continue to mo v e along the most efficient
ath, likely to be out of the plane of the galaxy away from high-
ensity obstacles, similar to a vent (Mukherjee et al. 2018 ). Such
ented outflows may carry entrained gas, or even shock lower density
aterial outside the plane, and those shocks could produce X-

ays and [O III ] gas such as we see in NGC 5972. A comparable
xample may be found in IC 5063, described in Maksym et al.
 2021 ), which shows morphological similarities to NGC 5972. The
ubble in NGC 5972 may also be similar to the AGN studied in
ingozzi et al. ( 2019 ), who use Multi Unit Spectroscopic Explorer

MUSE) IFU data to look at the central regions of nearby Seyfert
alaxies with prominent (bi-)conical outflows. They find evidence for
wo distinct populations of ionized clouds with distinct differences
n ionization parameter and emission-line ratios, and suggest low-
onization regions are found perpendicular to the cones due to a
ltering of the AGN radiation. 

.3 Pr essur e and density 

hilst we cannot exclude the photoionization model, the reduced
tatistic indicates that the soft emission is well fitted by the double
PEC model. Based on this model, we can estimate a number of other
roperties for the gas. 
The double APEC model represents a multicomponent thermally

onized plasma. If we assume the gas is dominated by a collisional
utflow we can estimate physical parameters of the gas within the
ubble. From the best-fitting emission measures (normalization) and
emperatures of the double APEC model, we can derive an average
hermal pressure by this equation from Paggi et al. ( 2012 ): 

M = 

10 −14 

4 πD 

2 
A (1 + z) 2 

∫ 
n e n H 

d V , (2) 

here D A is the angular distance, z is the redshift, and n e and n H 
efer to the number densities of the electrons and hydrogen atoms
espectively. We assume an ideal proton-electron gas (i.e n e = n H )
nd the pressure–temperature relation of p th = 2 n e kT , where p th is
he thermal pressure, T is the gas temperature, and k is the Boltzmann
onstant. We also assume the density and temperature of the gas is
pproximately constant across the bubble. 

We measure the on-sky size of the bubble from the [O III ]
ST image, assuming a similar size for the coincident X-ray gas
opulation. As is done in Maksym et al. ( 2019 ), we model the shape of
he bubble as an ellipsoid, with the z -axis size estimated as the shorter
xis of the ellipsoid. We calculate all spatially dependent parameters
e.g. kinetic power P kin and crossing time t cross ) relative to the longest
xis of the ellipsoid. The major semi-axes of the bubble are estimated
s 1.40 arcsec × 0.95 arcsec × 0.95 arcsec ( ±10 per cent ) which is
qui v alent to (850 ± 90 pc × 590 ± 60 pc × 590 ± 60 pc). This
ives a volume of 1.2 ± 0.2 kpc 3 . For X-ray emitting plasma, we
xpect a density of around 1 cm 

−3 and thermal pressure of p th ≈10 −10 

yne cm 

−2 (Paggi et al. 2012 ). 

.4 Feedback effects from X-ray spectroscopy 

e follow the method used in Paggi et al. ( 2012 ), Sartori et al. ( 2016 ),
nd Maksym et al. ( 2019 ) to estimate the interaction between the
GN and the ISM within the bubble. The results of the following
alculations are shown in Table 4 . Many of the equations and
rinciples are adapted from the study of b ubbles/ca vities within dense
NRAS 526, 4174–4191 (2023) 
alaxy clusters (e.g. B ̂ ırzan et al. 2004 ; McNamara & Nulsen 2012 ;
antyghem et al. 2014 ). Using the estimated volume V and thermal
ressure p th , we can calculate an average thermal energy budget
sing E th = 

γ

γ−1 p th V . the heat capacity ratio, γ , of a non-relativistic
onoatomic gas is 5/3. We calculate a shock velocity for the gas

sing: v shock ≈ 100 km s −1 × ( kT /0.013 keV) 0.5 per Rag a, Norieg a-
respo & Vel ́azquez ( 2002 ), where kT is the energy of the gas in
eV. The crossing time is then simply the length of the relevant axis
f the ellipsoid divided by the shock velocity. 
We can calculate a sound speed c s from c s = ( γ kT / μm H ) 0.5 (B ̂ ırzan

t al. 2004 ) where μ= 0.62, and γ = 5/3. μ is a scaling factor for the
verage particle mass taken from B ̂ ırzan et al. ( 2004 ). 

We use the best-fitting APEC models to calculate an unabsorbed
nd unconvolved energy flux for each component using the SHERPA

ool calc energy flux , the results of which are shown in Table 4 . The
orresponding thermal luminosities are calculated by integrating the
ux o v er 4 π steradians at the luminosity distance of d = 133 ± 9
pc. The cooling time is then simply the total thermal energy budget

ivided by this luminosity. For the hotter component ( APEC 1 ), the
ooling time is 20–30 × longer than the crossing time, suggesting
o extra heating source is required. For the cooler component, the
rossing time is longer than the cooling time, suggesting an extra
eating component may be needed, but both of these time estimates
re not well-constrained. 

We can calculate a lower limit on the fraction of kinetic power
eating the ISM as L K ≥ E th /t cross (Paggi et al. 2012 ). We can then
ompare these to our calculated bolometric luminosity to estimate
he efficiency of the feedback processes. 

The crossing time of the bubble for either component is much
onger than the light travel time (about 5 kyr), suggesting the bubble
s much older than the current period of variability and not related to
 recent shock or outflow. The ratio of kinetic power to bolometric
uminosity of 0.8 + 0 . 3 

−0 . 2 per cent from the dominant APEC component
s indicative that there is efficient feedback that could drive hot gas
utflow and clear out the gas o v er large time-scales, as Hopkins &
lvis ( 2009 ) suggest a lower threshold of P kin / L bol > 0.5 per cent for a

wo-stage feedback model. There is no evidence of feedback efficient
nough to directly entrain the ISM. 
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Given the decrease in L bol on time-scales much shorter than 
oth the crossing time and the cooling time of either of our gas
omponents, our estimate of the kinetic power may be based on 
mission from gas which has not had time to respond to the
ecreasing bolometric luminosity. This may lead to o v erestimates 
f the ‘instantaneous’ feedback efficiency in AGN which show large 
uminosity v ariations. Observ ations with better angular resolution 
nd ef fecti ve area with a proposed mission like LYNX (Gaskin et al.
018 ) are required to better resolve the full effects of feedback within
he bubble. 

.5 Spectra and morphology of EELRs 

he soft X-ray spectra of the north EELR are best fitted by the
LOUDY model, meaning that as we expect the gas is consistent 
ith ionization by AGN emission. The best-fitting column density 
f 22.7 ± 0.2 cm 

−2 and ionization parameter U = 1.2 ± 0.3 suggest
e are observing a moderately obscured and highly photoionized 
as. Given the inferred geometry of the system (e.g. in Keel et al.
015 ; Zhao et al. 2021 ), the EELRs are located within the bi-cone
f the AGN with a large opening angle into the plane of the sky
nd directly photoionized by the AGN emission. The source of the 
bscuration is not certain, but the X-ray gas may be screened by the
arge amount of [O III ] gas, particularly at larger projected distances.
here is also a potential role for dust obscuration given that Keel
t al. ( 2017 ) observe a dust lane to the NE of the bubble. 

It is possible that there are large variations in column density and
onization across the EELR given the large variation in projected 
xtent from the AGN. In Fig. 4, the soft X-ray emission from the
orth EELR shows a similar surface brightness o v er a large range of
rojected extent from the EELR ( ≈ 15 arcsec or 9 kpc). Irrespective
f the recent variability of the AGN, if the column density was
onstant across this region we would expect a non-uniform intrinsic 
-ray luminosity as we do not observe a brightness gradient. For
 uniform point source, we would expect an SB ∝ 1/ r 2 gradient in
rightness with increasing distance from the AGN. 
The 3 σ smoothed soft X-ray emission in Fig. 4 appears somewhat 

iffuse, potentially as a consequence of smoothing relatively few 

ounts across a larger area. Ho we ver at low significance, the 1 σ
daptively smoothed soft X-ray image shows regions of higher 
mission, potentially correlated with the [O III ] EELR emission. The 
O III ] emission is clumpy, with knots of high surface brightness
mission, so if the X-ray emitting gas is co-spatial it is possible
hat it is also somewhat clumpy, with variable column density and 
nresolved knots and cavities. It is generally coincident with the 
O III ] gas, potentially suggesting a multiphase medium, ho we ver
here are regions with soft X-ray emission which display no co- 
patial [O III ] emission (e.g. isolated contour to NW of north EELR,
xtended contour to the E of the north EELR). In the south EELR,
he soft X-ray appears to follow the curved [O III ] tail but with the
-ray peak at a larger projected distance, which is suggestive of a
eak shock inducing soft X-ray emission. The isolated contour west 
f the north EELR is aligned with the jet orientation inferred from
he VLASS observation, and so it may be unrelated to the EELR but
 signature of a jet-induced shock producing soft X-rays. 

Fabbiano et al. ( 2019 ) have shown that soft X-ray emission can be
 useful diagnostic of X-ray emission o v er longer time-scales than
O III ] emission (on the order 10 7 yr). A deeper Chandra observation
ould allow us to constrain the AGN variability o v er Myr time-

cales, av eraging o v er individual duty cycles to probe the o v erall
ccretion rate of the AGN. Given the spacing of the radio lobes
330 kpc), shown in Fig. 2 , and the current (67 ◦ misalignment of the
ets relative to the lobes is suggestive that there has been significant
et activity and variation on similar time-scales. The radio jet within
he north EELR is at a radial distance of approximately 15 arcsec
9 kpc), without considering possible projection effects which would 
ncrease this distance. To calculate an order of magnitude minimum 

et age, we assume a jet velocity of anywhere between 0.05–0.9 c
Li vio 1999 ), gi ving a minimum jet age of 30–600 kyr. This estimate
s the same order of magnitude as the current observed variability,
uggesting there may be a relationship between the jet and the AGN
tate change. 

The long axis of the [O III ] bubble is also misaligned with the
ther features. Similar misalignments between jets and lobes are 
een in ‘re-started’ AGN’, where the jets undergo a dramatic shift in
rientation, but the radio lobes relics from the previous emission are
till observed (e.g. Hodges-Kluck et al. 2010 ; Saripalli et al. 2013 ).
e see no evidence for a radio lobe associated with the new jet.

he jet shift may be due to significant interaction or merger, which
e do see other evidence for in this galaxy, or evidence of a binary
lack hole (e.g. Merritt & Ekers 2002 ; Campanelli et al. 2007 ). We
peculate that the o v erall misalignment could be explained by the
resence of a binary SMBH system, which could support a more
omplex system of outflows, jets, and ionization cones (e.g. Rubinur 
t al. 2017 ). Such double SMBH have been observed (e.g. Komossa
t al. 2003 ; Zhou et al. 2004 ; Koss et al. 2016 ; Voggel et al. 2022 ), but
f both are actively accreting (dual AGN) they are often associated
ith double-peaked emission lines that are not resolved here (Shen &
oeb 2010 ). The existence of double-peaked lines would also depend
n the dynamics of the binary system. Double-peaked lines can also
ometimes be caused by the rapid rotation of the BLR without the
resence of a binary (Eracleous, Lewis & Flohic 2009 ). A dual AGN
ould also explain our difficulty in constraining the centroid because 
wo active SMBHs emitting hard nuclear spectra could appear as two
lmost-unresolv ed sources giv en the subarcsecond resolution of the 
CIS detector. Higher resolution radio observations to better resolve 

he bubble and jets would provide greater insight into the cause of
he misalignment. 

Spectroscopy of extended soft X-ray emission in other AGN tend 
o be best fitted by some combination of photoionization and thermal
omponents (e.g. Wang et al. 2011 ; Paggi et al. 2012 ; Fabbiano
t al. 2018 ). In our case, we do not find that the introduction of a
hermal component impro v es the fit and is minimized by the fitting
lgorithm. The poor fitting of any model to the south arm is not
ecessarily suggestive that it is not well fitted by a photoionized or
hermal model. The south arm region contains fewer counts than the
orth re gion. Av eraging o v er a large-scale, comple x system with low
-ray surface brightness means our spectra are poorly resolved and 
ay not be well approximated by our simple models. 

.6 [O III ] to soft X-ray ratios 

ianchi et al. ( 2006 ) showed that the ratio of [O III ] to soft X-ray
0.5–2 keV) flux is inversely proportional to the ionization parameter 
 if both the X-ray and [O III ] emission are produced by the same
hotoionized medium. We can make comparisons to ratios observed 
n NGC 4151 and HV. For clouds within NGC 4151, Wang et al.
 2009 , 2011 ) find ratios of ∼10–15, independent of the cloud distance
rom the nucleus. They also find outliers with ratios as high as 100,
mplying lower ionization parameters, which they suggest may be 
ue to intervening absorption. A constant ratio implies a constant 
onization parameter, which requires a density ∝ r −2 as expected for
he NLR or a nuclear wind. 
MNRAS 526, 4174–4191 (2023) 



4188 T. Harvey et al. 

M

 

o  

E  

i  

s  

t  

r  

i
 

b  

f  

o  

p  

c  

p  

a  

X  

s

5

T
(  

w  

t  

s
 

w  

v  

G  

c  

i  

s  

r  

s  

t  

c  

[  

e  

I  

w  

c  

[  

c  

S  

c  

2  

>  

b  

i  

o  

t  

f
 

i  

(  

d  

t  

c  

n  

h  

w  

o
e  

s  

i  

i  

o  

o  

b  

T  

m  

T  

o  

[  

o  

N  

t  

c

5

K  

t  

3  

i  

t  

s  

K  

t  

G  

K  

H  

r  

r  

m  

 

L  

5  

o  

t  

o  

c  

v  

t  

p

6

I  

o  

i  

b  

b  

X  

b  

t  

s  

t  

s  

c  

c  

F  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/3/4174/7288715 by ETH
 Zürich user on 13 N

ovem
ber 2023
F or HV, F abbiano et al. ( 2019 ) find a [O III ] to soft X-ray ratio
f ∼200, which is considerably higher than our values for either
ELR. This suggests that NGC 5972 is more highly ionized, which

s backed up by the ionization parameter of U = 1.2 inferred from the
pectral fitting. For the [O III ] bubble, where we find a ratio of ∼3,
his is comparable to the ratios, Wang et al. ( 2011 ) find within the
adio jets. This high ratio may indicate very efficient X-ray photo-
onization, or that some [O III ] flux is obscured. 

Analysis of the ratio map are limited by the low X-ray surface
rightness, but we do find that in the EELR the highest ratios are
ound in the gas nearest to the AGN, suggesting that the regions
f high [O III ] flux have lower soft X-ray emission, despite the
roximity to the AGN. One hypothesis is that this [O III ] emission
omes from dense regions which screen the X-ray emitting gas,
re venting photoionization. Alternati vely the soft X-ray emission is
bsorbed by [O III ] gas in the LOS in these dense regions. Deeper
-ray observations would allow comparison of this ratio on smaller

patial scales with a useful signal-to-noise ratio. 

.7 STIS kinematic profiles 

he G430L and G750M spectra display a wavelength offset of 2.5 Å
150 km s −1 ) based on comparison of the redshift of H α and H β lines,
hich is corrected for in our [O III ] velocity profiles. The source of

his shift is unclear and appears in both the archi v al and reprocessed
pectra. 

The velocities and line widths of the emission lines are consistent
ith either gravitational motion of gas around the galaxy, given the
elocity FWHM of up to ≈300 km s −1 observed in the H α emission.
iven that NGC 5972 is likely a post-merger system, the observed

omple x v elocity profiles may be the result of perturbed kinematics
nduced by galaxy interaction rather than evidence of any larger
cale outflo w. Gi ven the e vidence for shocked gas from the soft X-
ay emission, the dynamics inferred from the [O III ] emission are
urprisingly quiescent. The resolved structure of the bubble limits
he velocity resolution we can achieve to ≈ 640 km s −1 , which while
onsiderably worse than the H α resolution is still below the measured
O III ] FWHMs of Type II A GN hosting A GN-dri ven outflo ws. For
xample, Fischer et al. ( 2018 ) observed [O III ] kinematics of 12 Type
I QSO’s, finding broader emission lines and larger velocity offsets,
ith FWHMs up to 1500 km s −1 (Fischer et al. 2018 ). Given their

lassification scheme (Section 3.2 ), our upper limit on the observed
O III ] emission is fully consistent with ‘disturbed rotation’, which
ould purely be driven by post-merger gravitational interactions.
ome comparison can be of the kinematics within the bubble are
omparable to the bubbles seen within the Teacup (Harrison et al.
015 ), with similarly low velocity offsets but resolved [O III ] FWHMs
 700 km s −1 , which is larger than we measure within the [O III ]
 ubble b ut perhaps more comparable that the Type II QSO’s studied
n Fischer et al. ( 2018 ). We also note that the implied crossing time
f the eastern bubble in the Teacup is comparable to our estimate for
he bubble in NGC 5972, perhaps suggesting a characteristic lifetime
or these structures. 

The radial velocity of the [O III ] gas peaks at ∼300 km s −1 , which
s not strong enough to drive shocks in the main thermal component
 APEC 1 ) unless it is a component of the true velocity of the outflow
ue to LOS projection effects. The 780 km s −1 outflow suggested by
he double APEC model may be strong enough to drive fast shocks
apable of photoionizing the precursor material. Our spectra may
ot be deep enough to measure the redshifted [O III ], which could be
eavily obscured, or the bubble may contain a multiphase medium
ith distinct populations that weakly collimate each other. Based
NRAS 526, 4174–4191 (2023) 
n the addition of a second Gaussian component the best fit of H α

mission integrated over the central 0.2 arcsec shows evidence for a
econdary population of gas with a 200 km s −1 blueshift, which may
ndicate dynamically perturbed gas or a weak outflow. In the HST
mages of the [O III ] bubble, particularly Fig. 1 , we observe a number
f small scale structures within the bubble itself, indicated by regions
f varying surface brightness. These may be indicative of smaller
ubble or loop-like filaments embedded within the main structure.
he STIS slit location passes through several of these features, which
ay be complicating our observ ed v elocity profile across the bubble.
hese bubble-like structures may be indicative of outflow variations
r due to variable extinction across the bubble, causing small-scale
O III ] reddening. Fischer et al. ( 2013 ) discuss models to constrain
pening angle and orientation based on observed velocity profiles of
LR gas. Our velocity profile is more complex than predicted by

heir models, but they do suggest asymmetries in the velocity profile
an sometimes be explained by LOS sampling effects. 

.8 Kinematic comparisons 

eel et al. ( 2015 , 2017 ) and Finlez et al. ( 2022 ) have both analysed
he kinematics of the central region of NGC 5972 using 2D and
D velocity maps derived from IFU spectroscopy and Fabry–Perot
nterferometric (FPI) data. We can make comparisons between
heir work and the velocity profiles we derive from the STIS slit
pectroscopy. Overall we find good agreement with the kinematics,
eel et al. ( 2017 ) observ e, giv en the differences in resolution between

he ground-based IFU data and the Hubble STIS observations. The
emini Multiple-Object Spectrometer (GMOS) data presented by
eel et al. ( 2017 ; fig. 12), shows the ≈100 km s −1 blueshift of the
 α line emission in the nucleus. Given the limits on the velocity

esolution due to the extended structure of the bubble, we cannot
esolv e the v elocity dispersion measurements seen in the GMOS
ap ( ≈ 100 km s −1 ) or in the FPI data (130 km s −1 in [O III ]5008 Å).
Finlez et al. ( 2022 ) have used the MUSE instrument on the Very

arge Telescope to do wide-field integral field spectroscopy of NGC
972. Our results are broadly consistent with the velocity maps they
bserve. Within the central region they see evidence of outflows up
o 300 km s −1 , but are limited by the instrumental spectral resolution
f MUSE. We see similar velocities within the H α emission, but
annot make a comparison to the [O III ]5008 Å emission due to the
elocity resolution of the grating. Finlez et al. ( 2022 ) also suggest
hat the observed velocity profiles from MUSE are consistent with
erturbed kinematics induced by galaxy interactions. 

 C O N C L U S I O N S  

n this paper we present new Chandra ACIS X-ray observations
f NGC 5972 alongside new HST STIS spectroscopy. NGC 5972
s one of the 19 ‘Voorwerpjes’ galaxies, with an EELR that has
een used as a quasar light echo to infer a 2.1 dex decrease in
olometric luminosity o v er the last 50 kyr. We detect broad-band
-ray emission from NGC 5972 coincident with an arcsecond scale
ubble-like structure seen in HST [O III ] imaging which contains
he central engine. Simulations of the Chandra PSF show that the
oft emission (0.5–1.5 keV) is spatially extended out to 2.5 arcsec in
he same direction as the bubble. Spectral modelling shows that the
oft emission is compatible with a combination of photoionized and
ollisionally ionized gas. One model suggests two populations of
ollisionally ionized gas with temperatures of ∼0.80 and ∼0.1 keV.
rom this model we have been able to estimate other physical
arameters, including the effects of feedback on the ISM. We
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alculate an age of the bubble of at least ∼2 Myr, much longer
han the current variability time-scale ( ∼ 50 kyr). We find evidence 
f efficient feedback, with ratios of kinetic power to bolometric 
uminosity of ∼1 per cent, indicative of feedback strong enough to 
rive out the gas on long time-scales under a two-stage feedback 
odel. We discuss the possibility that this ratio is o v erestimated

i ven the kno wn decrease in the bolometric luminosity on time-
cales much shorter than the crossing time of the bubble. 

The STIS spectroscopy has allowed us to probe the kinematics of
he gas across the bubble. Given the extended structure of the [O III ]
egion we are limited by the velocity resolution of a filled slit in the
430L and G750M filters, but we find relatively quiescent kinematics 

rom the fitted emission-line FWHMs which are consistent with 
erturbed kinematics induced by galaxy interactions. The velocity 
roadening of the [O III ] emission is not resolved, giving an upper
imit of ≈640 km s −1 , which is lower than observed in many Type
I QSO’s which host outflows (Fischer et al. 2018 ). As we do not
bserve the large linewidths associated with outflows in many AGN 

e.g. NGC 1068, Das et al. 2006 ), we do not find evidence for
omparable outflows in NGC 5972. We see velocity offsets of up 
o 300 km s −1 in the [O III ] emission, which is unlikely to be strong
nough to drive an outflow that can shock the X-ray emitting gas
nless the measured radial velocity is only be a component of the
80 km s −1 outflow implied by the higher temperature gas, given an
OS projection effect. The o v erall unsymmetrical v elocity profile is
omplex and not well explained by a simple outflow model, which 
ay partly be explained by an LOS projection effect. 
NGC 5972 shows misalignment on multiple spatial scales, includ- 

ng the jets, lobes and EELRs, which is not well explained by the
raditional simplistic AGN model. The current radio jets, seen in 
LASS data, are not aligned with the radio lobes, which is similar

o the misalignment seen in ‘restarted’ radio AGN. Like a majority 
f the ‘Voorwerpjes’ galaxies, NGC 5972 shows evidence, such as 
idal tails, of a recent merger or significant interaction. On a smaller
cale, the long axis of the [O III ] and X-ray structure is perpendicular
o the bi-cone, which is aligned with the EELRs. These results might
mply the presence of a double SMBH, which could support a more
omplex system of outflows, jets, and lobes. 

We detect soft X-ray emission from diffuse warm gas coincident 
ith the [O III ] EELRs. Ratios of [O III ] to soft X-ray flux are

omparable to those seen in other EELRs. Spectral analysis of these 
ELRs is consistent with a photoionizing source, but deeper X-ray 
bservations are required to constrain the model parameters and 
ake better morphological comparison to the [O III ] emission. 
Much of our analysis is limited by the depth of the X-ray

bservations. With a longer Chandra observation of a few hundred ks, 
e would be able to simultaneously probe the extended soft emission

rom the EELR as well as de-convolve the hard X-ray emission
rom the nucleus in order to confirm the nuclear source centroid and
xtent with better accuracy. It may be possible to estimate the historic
ariability on Myr time-scales using the soft X-ray emission from 

he EELRs as a light echo, as has been done for HV. Probing longer
ime-scales than is possible using optical EELR lets us average over 

ultiple duty cycles, to probe the time-scales of extended jets and 
adio lobe formation. 
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Figure A1. 2D spatially resolved spectra of the nuclear bubble showing 
the [O III ]5008 and 4960 Å emission-line profiles from the HST G430L 

observation. The horizontal (wavelength) scale is shown in velocity units, 
and the vertical (spatial) scale is indicated in arcseconds and parsec. A 

logarithmically scaled colour bar indicates the flux of each pixel. 

Figure A2. 2D spatially resolved spectra of the nuclear bubble showing 
the H α, [N II ]6550 and 6585 Å emission-line profiles from the HST G750M 

observation. The horizontal (wavelength) scale is shown in velocity units, 
and the vertical (spatial) scale is indicated in arcseconds and parsec. A 

logarithmically scaled colour bar indicates the flux of each pixel. 
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