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A B S T R A C T 

We report ne w observ ations of ‘Hanny’s Voorwerp’ (hereafter HV) taken from the second data release of the LOFAR Two-metre 
Sk y Surv e y (LoTSS). HV is a highly-ionized region in the environs of the galaxy IC2497, first disco v ered by the Galaxy 

Zoo project. The new 150 MHz observations are considered in the context of existing multi frequency radio data and archi v al 
narrow-band imaging from the Hubble Space Telescope , centred on the [O III] emission line. The combined sensitivity and spatial 
resolution of the LoTSS data – which far exceed what was previously available at radio frequencies – reveal clear evidence 
for large-scale extended emission emanating from the nucleus of IC2497. The radio jet appears to have punched a hole in 

the neutral gas halo, in a region co-located with HV. The new 150 MHz data, alongside newly-processed archival 1.64 GHz 
eVLA data, reveal that the extended emission has a steep spectrum, implying an age > 10 

8 yr. The jet supplying the extended 

150 MHz structure must have ‘turned off’ long before the change in X-ray luminosity reported in recent works. In this picture, 
a combination of jet activity and the influence of the radiatively efficient active galactic nucleus are responsible for the unusual 
appearance of HV. 

K ey words: Galaxies: acti ve – Galaxies: jets – Galaxies: peculiar. 
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 I N T RO D U C T I O N  

anny’s Voorwerp (hereafter HV) is a region of highly ionized 
aterial, tens of kpc in projected size, which is located near the
 = 0.05 galaxy IC2497. HV was originally reported in Lintott
t al. ( 2009 ), having been disco v ered during visual classification
f galaxies in the Sloan digital sky survey (SDSS; York et al. 2000 ),
s part of the Galaxy Zoo project (Lintott et al. 2008 ). HV was
dentified as a result of its unusual morphology and extremely bright 
O III] emission falling in the SDSS g -band filter. Lintott et al. ( 2009 )
uggested that HV could be explained either as a highly photoionized 
egion resulting from an active galactic nucleus (AGN) with an 
nusual dust geometry that prevents it from ionizing the host galaxy’s 
wn nuclear gas, or as a ‘light echo’ resulting from a dramatic change
n the luminosity of the central source o v er the past 10 5 yr. 

In addition to disco v ering a halo containing ∼10 9 M � of H I

as surrounding IC2497 and HV, J ́ozsa et al. ( 2009 , hereafter J09 )
rovided the first evidence of jets visible as a marginal extension 
o an already elliptical restoring beam in both 1.4 and 4.9 GHz
bservations in the direction of HV. This extension is not visible in
.4 GHz observations from the faint images of the radio sky at twenty- 
entimetres surv e y (FIRST; Beck er, White & Helf and 1995 ), the
RAO VLA sk y surv e y (NVSS; Condon et al. 1998 ), the Westerbork
orthern sky survey (WENSS; Rengelink et al. 1997 ), or in 150 MHz
bservations from the TIFR GMRT sky survey alternative data 
elease (TGSS-ADR; Intema et al. 2017 ). Nevertheless, Rampadarath 
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t al. ( 2010 ) further underlined the presence of jets using MERLIN
bservations to detect two components separated by ∼300 pc with 
rightness temperatures in excess of 10 5 K (an upper limit to the
rightness temperature that can be attributed to star forming regions; 
ondon et al. 1991 ; Biggs, Younger & Ivison 2010 ), though with
 significant flux deficit relative to the integrated measurements 
eported by J09 indicating the presence of a resolved nuclear starburst
n IC2497. 

Hubble Space Telescope observations in both broad- and narrow- 
and filters centred on the [O III] and H α + [N II] emission lines (Keel
t al. 2012a ) found evidence for large regions photoionized by AGN
cti vity, with e vidence for some sites within HV dominated by star
ormation. Keel et al. ( 2012a ) also hypothesized about the role of a
revious major merger in stirring up the H I gas around IC2497, and
roducing the bar and strong warping visible in the disk of IC2497. 
Several works have looked at HV at X-ray wavelengths, including 

chawinski et al. ( 2010 ) and Sartori et al. ( 2018 ). These works show
hat HV contains a Compton-thick AGN which has recently (in the
ast ∼70 000 yr) undergone a dramatic change in luminosity, similar
o the change suggested by Keel et al. ( 2012b ) and Lintott et al.
 2009 ). Most recently, Fabbiano & Elvis ( 2019 ) found evidence for
xtended soft X-ray emission in Chandra data of HV, spatially con-
istent (albeit at low-resolution and with low statistical significance) 
ith the direction of the extension similar to that in the radio data
bserved by J09 . 
Our observational capabilities at radio frequencies have exploded 

ince HV was first studied with interferometry by J09 and Ram-
adarath et al. ( 2010 ). The capabilities of the low frequency array
LOFAR; van Haarlem et al. 2013 ) e x emplify the huge steps in
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urv e y speed, sensitivity, resolution, and imaging capabilities. One
f the key drivers for LOFAR since its inception has been to conduct
urv e ys of the whole northern sky, and the LOFAR Two-metre
k y Surv e y (LoTSS Shimwell et al. 2017 ) is well on the way to
ulfilling that aim. The first data release (LoTSS DR1; Duncan
t al. 2019 ; Shimwell et al. 2019 ; Williams et al. 2019 ) co v ered
24 de g 2 o v er the HETDEX (Hill et al. 2008 ) spring field using the
OFAR high band antenna (HBA) at a central frequency of 150 MHz
ith a mean RMS sensitivity < 100 μJy and resolution around 6

rcsec. In addition to the advantages of a huge increase in sensitivity
elative to FIRST, LoTSS HBA data benefit from including short and
ong-baseline observations in the pipeline-processed data products,
eaning that it is uniquely sensitive to low-frequency emission

n both compact and extended scales. LoTSS also includes even
eeper observations o v er tens of deg 2 in the prime Northern fields
ith the best ancillary data (Bo ̈otes, Lockman Hole and ELAIS-
1) in the first data release of the LoTSS Deep fields (Duncan

t al. 2021 ; Kondapally et al. 2021 ; Sabater et al. 2021 ; Tasse et al.
021 ). 
Progress continues to be rapid; as well as observations at even

ower frequencies (using the low band antenna; de Gasperin et al.
021 ) and using international baselines to obtain sub-arcsecond
esolution (Morabito et al. 2022 ), the second data release of LoTSS
DR2; Shimwell et al. 2022 ) reaches a median 150 MHz sensitivity
f 84 μJy beam 

−1 o v er 5700 de g 2 , detects more than 4.3 million
50 MHz sources, and benefits from a range of further impro v ements
o the data processing relative to LoTSS DR1. 

In addition to the sensitivity of the LoTSS maps, together with
igher frequency data, 150 MHz observations are particularly useful
or determining the properties of extragalactic radio sources. Energy
oss in a population of relativistic electrons is expected to vary as
 function of ν2 , such that higher frequencies fade more rapidly
s the electron population ages, and as a result the degree of radio
pectral curvature increases with time. When studied in the context
rovided by GHz data therefore, low-frequency observations can
anchor’ the spectrum, and in doing so enable the best measurements
f spectral curvature (and therefore the age of the electron population;
.g. Kardashev 1962 ; Laing & Peacock 1980 ; Harwood et al. 2013 ).
sing data spanning 325 MHz < ν < 4 . 9 GHz, J09 reported a flat

adio spectrum of the core of IC2497, consistent with a power
aw such that S ν ∝ ν−α with an index of α = 0.55, and no
vidence for spectral curvature indicating that the core radio source
s young. 

The IC2497-HV system is thought to be virtually unique in the
ocal Universe (Keel et al. 2012b , 2015 ). Even in the absence of
V, the unambiguous presence of jets in IC2497 alone would make

he system remarkable since Singh et al. ( 2015 ) identified only
our instances of double radio jets among 187 000 spiral galaxies
dentified in SDSS imaging (see also Mao et al. 2015 ; Nesvadba et al.
021 ). HV therefore represents a prototype for studying a broad range
f phenomena: the variability thought to be inherent in AGN physics,
he role of mergers and/or interactions in triggering AGN activity,
s well as the influence of AGN activity on the surrounding gas.
hese are some of the key physical processes required to explain

he observed properties of galaxies (see e.g. Silk & Rees 1998 ;
roton et al. 2006 ; Alexander & Hickox 2012 ). In this paper, we
xamine the properties of IC2497 and HV in the new 150 MHz data
rom LoTSS DR2, and in newly processed archival 1.6 GHz eVLA
ata. In Section 2 we describe the data we use, while in Section 3
e present our results before making some concluding remarks in
ection 4 . 
NRAS 514, 3879–3885 (2022) 
 DATA  

ew LoTSS DR2 observations of HV are available from the LOFAR
urv e ys website. 1 The properties of the LoTSS DR2 mosaics are
escribed in detail in Shimwell et al. ( 2022 ), ho we ver the vital
tatistics can be summarized as follows. The 150 MHz images are
utomatically reduced using the latest version of the LoTSS process-
ng pipeline, which uses direction-dependent methods to account
or varying ionospheric conditions, giving high-quality data with 6-
rcsec resolution, and sensitivity to emission on both small and large
cales due to the range of baselines available to the Dutch LOFAR
rray. HV falls within the area co v ered by the P144 + 35 mosaic;
o we ver, to obtain an optimal image of the region surrounding HV,
e produced a self-calibrated image following the method of van
eeren et al. ( 2021 ). The resulting image, shown in the left-hand

anel of Fig. 1 , is at the natural resolution of the LOFAR observations
sing robustness 0.5, and has an elliptical restoring beam with major
nd minor axes 8.5 and 4.8 arcsec, 1.5 arcsec pixels and a uniform
MS noise level of 92 μJy beam 

−1 across the image. The absolute
ux scale of the LoTSS data is thought to be correct at the level of
 per cent. 
We obtained archi v al eVLA data of the region surrounding HV,

aken in 2011 in B-configuration (giving excellent sensitivity to
xtended structures out to angular scales of 2 arcmin). The eVLA
ata have an ef fecti ve frequency of 1.64 GHz, with 256 MHz of
andwidth, and provide similar spatial resolution (major and minor
eam axes of 4.9 and 3.2 arcsec) to the new LoTSS data. The newly-
educed eVLA map is shown in the right-hand panel of Fig. 1 ; based
n comparing the flux densities of unresolved sources with FIRST,
e conclude that the flux scale is correct to ∼5 per cent. We also
btained the 1.4 GHz WSRT image and H I data cube from J09
G.I.G. J ́ozsa, pri v ate communication). 

The HV-IC2497 system was observed using Advanced Camera
or Surveys ( ACS ) tunable ramp filters on board the HST (Keel et al.
012a ), with the central wavelengths set to sample the redshifted
O III] and H α emission lines, and integration times of 2570 s and
750 s respectively. The pointing was chosen so that HV and IC2497
ell within the monochromatic field of view (40 × 80 arcsec) and
o continuum subtraction was attempted since Lintott et al. ( 2009 )
howed that it was unnecessary. The final reduced HST data products
rom Keel et al. ( 2012a ) were provided by the authors (W.C. Keel,
ri v ate communication). 

 RESULTS  

.1 Morphology and photometry 

ig. 2 shows the new LoTSS 150 MHz mosaic as contours o v erlaid
n a colour composite image derived using the HST [O III] and H α

arrow-band images from Keel et al. ( 2012a ). It is clear that as well
s an unresolved component coincident with the centre of IC2497,
he extension identified by J09 is now resolved into clear jet-related
mission spatially coincident with HV, and with a flux density of
0.0 ± 0.1 mJy. The total flux density of the system at 150 MHz
n the new LoTSS mosaic is 97.3 ± 0.2 mJy. This structure is not
etected in the eVLA image (or any of the other assembled radio
ata), implying that its spectrum is steep. 
The flux density of the unresolved core of IC2497 (obtained by

ubtracting S Extended from S Total ) is consistent with the measurement
www.lofar-surveys.org 
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Figure 1. New LoTSS (left) and eVLA (right) images of the region surrounding IC2497 and HV, highlighted with the blue circle, which has a radius of 1 arcmin. 
The size of the natural-resolution restoring beam is shown as the black ellipse within a box in the lower-left corner of each image. The flux scale is as indicated 
by the colour bars to the right. 

Figure 2. LoTSS 150 MHz map of the region centred on HV (white contours) 
o v erlaid on a colour composite built from the [O III ] (green channel) and H α

(blue and red channel) narrow-band filter HST images from Keel et al. ( 2012a ). 
The LoTSS contours, shown in magenta, are at levels of 0.2, 0.5, 1, 2, 5, 10, 
20, and 50 mJy beam 
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rom the TGSS-ADR mosaic once the calibration uncertainties are 
aken into account, and corresponds to a 150 MHz luminosity of
5.63 ± 0.01) × 10 23 W Hz −1 . Assuming a standard relationship 
rom Heckman & Best ( 2014 ) and correcting to 150 MHz following
abater et al. ( 2019 ), this enables us to estimate a mechanical power
n the jet of 1.5 × 10 36 W. Although it compares well with the Lintott
t al. ( 2009 ) estimate of HV’s [O III] luminosity (1.5 × 10 35 W),
he energetics alone preclude the current core activity from making 
he dominant contribution to the Keel et al. ( 2012a ) estimate of the
uminosity required to maintain the ionization of HV ( ∼10 38 W). 

Using the 100 μm flux density quoted for IC2497 in the IRAS
aint source catalogue (Moshir et al. 1990 ), we can estimate the
tar formation rate (SFR) assuming that the dust is heated solely by
oung stars, that it has a far-infrared SED similar to M82 (Polletta
t al. 2007 ) and the canonical relationship between far-infrared 
uminosity and SFR from Kennicutt ( 1998 ) adjusted to our adopted
nitial mass function (IMF) from Chabrier ( 2003 ). Doing so, we
btain a far-infrared luminosity integrated between 8–1000 μm of 
.1 × 10 11 L � – putting IC2497 in the luminous infrared galaxy 
LIRG) class – and an SFR of ∼40 M � yr −1 , although we note that the
ncertainties inherent in our choice of SED template and IMF (and
herefore the derived SFR) are significant. Nevertheless, comparing 
he derived SFR with the mass-independent SFR − L 150 MHz relations 
rom G ̈urkan et al. ( 2018 ) and Smith et al. ( 2021 ), reveals no evidence
or any radio excess, consistent with the nuclear starburst reported by
ampadarath et al. ( 2010 ). Nevertheless, the morphological evidence 

or the presence of an AGN is conclusive. 
To put the new morphological information available from the 
6 arcsec resolution LoTSS data in the context of the previously

vailable radio data, in both panels of Fig. 3 we o v erlay the 150 MHz
ata as magenta contours on a background image showing the H I

ata from J09 . Overlaid in the left-hand panel is the 1.4 GHz WSRT
mage from J09 , shown as blue contours (the WSRT data have an
lliptical point spread function of 14 × 11 arcsec, shown as the blue-
lled ellipse in the lower-left corner; Morganti et al. 2004 ), with

he details of the chosen contour le vels gi ven in the caption. While
t 1.4 GHz the degree of extension in the radio source is perhaps
ebatable on the basis of visual inspection alone due to the elongated
eam along the IC2497-HV direction, this is not true at 150 MHz,
here the LoTSS PSF (shown as the magenta ellipse to the lower-

eft) is more than four times smaller. In the right-hand panel of Fig. 3 ,
e show a zoomed version of the central region; for the first time it is

lear that the clearly-resolved structure emanating from the nucleus 
f IC2497 coincides with a minimum in the surrounding 10 9 M �
eservoir of H I gas found by J09 (shown in the background image). 
MNRAS 514, 3879–3885 (2022) 
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M

Figure 3. Composite image showing the H I image (background, greyscale) and the new LoTSS data (magenta contours, levels of 0.2, 0.5, 1, 2, 5, 10, 20, and 
50 mJy beam 

−1 ). In the left-hand panel, the WSRT 1.4 GHz image from J09 is shown as blue contours (with contour levels of 0.1, 0.2, 0.5, 1, 2, 5, 10, and 
20 mJy beam 

−1 ), and the filled ellipses in the box to the bottom left indicate the size of the restoring beam, colour-coded to match the contours. The right-hand 
panel is zoomed in to highlight the spatial anti-correlation between the jet (magenta contours) and the H I gas (background greyscale) with the same contour 
levels and colour scale as the left-hand panel. 

Figure 4. Radio frequency spectra of HV, including values for the total 
(blue circles) and extended components (red squares), as detailed in Table 1 . 
The solid blue line indicates a power-law spectrum with spectral index α = 

−0.55, while the dotted and dot–dashed lines indicate the spectral index 
obtained using the 150 MHz data alongside the WSRT 1.4 GHz or eVLA 

1.64 GHz flux densities, which are formally inconsistent as discussed in the 
text. 
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Based on the left-hand panel of Fig. 3 it would be tempting to
dentify the knot of coincident 150 MHz and 1.4 GHz emission on the
orthern side of IC2497 as being related to the counter-jet, emanating
n the direction opposite to HV. Ho we ver, inspection of the SDSS
mages shows that this knot of emission is instead associated with an
dge-on late-type galaxy interloper. 

.2 Radio spectral index 

o examine the radio spectrum of the IC2497-HV system, in Fig. 4
e show the total photometry ( S Total 

ν ) from Table 1 as filled circles,
NRAS 514, 3879–3885 (2022) 
hough we have added calibration uncertainties in quadrature, at
he level of 6 per cent to the new LoTSS flux density (Shimwell
t al. 2022 ), and 5 per cent to the new eVLA measurements. The
hotometry is o v erlaid with a power law with the spectral index
= 0.55 found by J09 . Despite reaching lower frequencies, the new
oTSS data do not reveal any evidence for spectral curvature in the
ore; the power law found by J09 continues down to frequencies of
50 MHz at least. 
In Fig. 4 , the extended source photometry ( S Extended 

ν from
able 1 ) is shown using square symbols. There are conflict-

ng results for the spectral index of the extended compo-
ent, depending on whether we use the WSRT or eVLA flux
ensities, since the nominal 1.64 GHz eVLA flux density of
.48 ± 0.29 mJy (measured at a spatial resolution similar to
he new LoTSS data) is inconsistent with the 1.4 GHz WSRT
stimate of 3.2 ± 0.2 mJy. We suggest that the flat spectrum
f the extended emission ( α1400 

150 = 0 . 51 ± 0 . 03) obtained using
he WSRT estimated flux density may be an artefact of con-
amination from the extension in the north–south direction of
he WRST point spread function. Using instead the eVLA flux
ensity alongside the 150 MHz measurement we obtain our best
stimate of the extended component’s spectral index of α1640 

150 =
 . 25 + 0 . 28 

−0 . 23 . As the extended structure detected in the LOFAR
ata is not formally detected in the eVLA image, the spec-
rum might be even steeper, but we can be confident that
> 1. 
The steep spectrum implies that the plasma in the extended

tructure is significantly older than that in the core, as expected if
he jet feeding it has ‘turned off’ some time ago. Ho we ver, since
e have measurements at just two frequencies, and a detection
nly at 150 MHz, detailed analysis is not possible. If we assume
hat the injection index for this material is α = 0.55, estimate a
elf-consistent equipartition magnetic field strength of around 0.2 nT
based on treating the extended material as a uniformly filled sphere

art/stac1568_f3.eps
art/stac1568_f4.eps
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Table 1. A compilation of radio frequency flux densities of IC2497 & HV, including both the total 
( S Total 

ν ) and extended ( S Extended 
ν ) components where available. 

Frequency S Total 
ν (mJy) S Extended 

ν (mJy) F acility/Surv e y Reference 

150 MHz 
{ 97.3 ± 0.2 10.0 ± 0.1 LoTSS This work 

66.4 ± 8.3 TGSS-ADR Intema et al. ( 2017 ) 
325 MHz 51 ± 4.9 WENSS Rengelink et al. ( 1997 ) 

1.4 GHz 
{ 

20.9 ± 1.1 3.2 ± 0.2 WSRT J ́ozsa et al. ( 2009 ) 
18.5 ± 0.6 NVSS Condon et al. ( 1998 ) 
16.8 ± 0.9 FIRST Becker et al. ( 1995 ) 

1.64 GHz 14.2 ± 0.5 0.48 ± 0.29 eVLA This work 
4.9 GHz 11.6 ± 0.6 WSRT J ́ozsa et al. ( 2009 ) 
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f radius 16 arcsec), and take account of inverse Compton losses to
he CMB at the redshift of HV, 2 then using a Jaffe–Perola model
or spectral ageing (Jaffe & Perola 1973 ) we find that the spectral
ge must be � 10 8 yr to give α > 1. Adiabatic expansion of a
obe generated by a now disconnected jet will tend to increase the
pparent spectral age, perhaps by an order of magnitude, but this
till implies that the jet supplying the extended structure must have 
urned off long before the change in X-ray luminosity reported by 
artori et al. ( 2018 ). Future 60 MHz observations with the LOFAR

ow-band antennae may be able to provide better constraints on 
he degree of spectral curvature, and therefore on the age of the
lasma. 

 DISCUSSION  &  C O N C L U S I O N S  

e attempt to bring all of this information together as follows. The
at spectral index in the core of IC2497 extends to 150 MHz, and

s similar to values for injection indices assumed by jet models (see
.g. Shulevski et al. 2015 , for a discussion). This is consistent with
he small-scale nuclear jets observed by Rampadarath et al. ( 2010 ). 

On the other hand, the extended component seen at 150 MHz 
as a steep spectrum ( α1640 

150 = 1 . 25 + 0 . 28 
−0 . 23 ), implying an age of order

0 8 yr if the injection index is the same as that measured for the
ompact component. Other studies based at X-ray wavelengths (e.g. 
chawinski et al. 2010 ; Sartori et al. 2018 ) have suggested a timescale
f ∼10 5 yr for a change in the luminosity of the central engine;
o we ver the LoTSS data conclusi vely sho w that the jet that generated
he extended emission must have been unrelated to that nuclear 
utburst. 
The brightest knots of 150 MHz emission visible in Fig. 2 appear

o-located with the main star-forming structure at the Northern end 
f HV, and with the apparently separate (in the HST data) component
o the West. The Northern 150 MHz knot appears coincident with 
he filamentary ‘fingers’ located just to the south of the star-forming
egion located at the northern tip of HV (which appears pink in Fig. 2
ue to the bright H α emission). These features were first identified 
n Keel et al. ( 2012a ) as possible evidence of gas entrained by ram
ressure of the jet emanating from the core of IC2497. Radiative 
issipation in turbulent mixing may contribute to the line emission 
ocally (Krause & Alexander 2007 ), even though the overall spectrum 

s dominated by photoionisation (compare below). 
The ‘hole’ feature on the south-east side of HV is reminiscent 

f supernova remnants visible within our own galaxy, although the 
 Calculations were done using the PYSYNCH Python package https://github 
com/mhardcastle/pysynch which provides an interface to the synchrotron 
mission code of Hardcastle, Birkinshaw & Worrall ( 1998 ). 

a
M  

s  

e  

s  
 v erall structure and the optical line ratios in this area measured by
intott et al. ( 2009 , based on long-slit spectroscopy) and Keel et al.
 2012a , based on HST narrow-band imaging) are clearly dominated
y photoionisation, and therefore not associated with the passage of 
he jet. Fabbiano & Elvis ( 2019 ) reported extended X-ray emission
pparent in this area (albeit at low statistical significance) as might
lso be expected under the hypothesis of a recent explosive event at
his location, although no remnant is visible in any of the assembled
ata. 
In the Krause ( 2005 ) model, the leading shell of a starburst wind

perhaps resulting from the nuclear starburst suggested to be present 
n the HV system by Rampadarath et al. 2010 ) can cool and form
 dense, mainly neutral H I shell, if for some reason it encounters
nough gas, such as in the post-major merger scenario for IC2497
iscussed by Keel et al. ( 2012a ). When a large-scale jet is also
resent (as is clearly the case based on the new 150 MHz data), it
nteracts with the shell and pierces a hole in it. In the Krause ( 2005 )
imulations, the hole is ∼20 kpc in diameter, very similar to the radio
obe width observed in HV. 

A counterargument to this picture appears to be that in the Lintott
t al. ( 2009 ) optical spectroscopy, as well as in unpublished integral-
eld spectroscopy of the HV system using the WIYN-HEXPAK 

nstrument (W.C. Keel, private communication ) HV has a smooth 
elocity field showing no evidence of disturbances that might be 
xpected in a jet interaction scenario (see Krause 2005 , fig. 3 ). While
 blue-shifted velocity field that is coherent o v er man y kpc might
ndeed point to a starburst wind shell, the scenario from Krause
 2005 ) could still describe HV but must be modified. An element of
hysics that was missing in the latter simulations was the Vishniac
hell instability (Vishniac 1983 ): 3D high-resolution simulations 
ave shown that such shells fragment into filaments and clumps 
e.g. van Marle & Keppens 2012 ; Krause et al. 2013 ). The disturbed
inematics in the Krause ( 2005 ) simulations come from the strong
arly resistance of the unfragmented shell with high pressure build- 
p inside of it and strong gas acceleration when the shell eventually
ragments due to other instabilities. If the shell in reality fragments
arlier, the jet might even better pierce the immediate impact region
etween the clumps with less effect on the surrounding shell. This
ould be tested with dedicated simulations. 

Alternatively, the spatial coincidence between jet and H I minimum 

ould be purely a projection effect (in which case the H I minimum
ay be apparent due to the gas at this location being almost fully

onized), or that the jet punched through the gas sufficiently long
go that any turbulence has subsided (e.g. Krumholz, Matzner & 

cKee 2006 ). If we assume that the time-scale for turbulent decay is
imilar to the crossing time of the emission-line region, back of the
nvelope calculations (dividing the size of the region by the assumed
peed, adopting an initial turbulent velocity of 100 km s −1 , similar
MNRAS 514, 3879–3885 (2022) 
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ic.oup.com
/m

nras/article/514/3/3879/6605606 by U
niversity of H

ertfordshire user on 05 July 2022
o velocities found e.g. from the simulation of Krause 2005 or the
bservations of Nesvadba et al. 2021 , and a region size of 10 kpc)
roduce time-scales of the order of 10 8 yr, which is comparable to
he lower limit on the lobe age estimated in Section 3.2 . We would
herefore expect any turbulent motions of this magnitude driven into
he emission-line region by the expanding lobes not to be visible by
he present time. 

The picture that emerges from the assembled data is one with
ultiple ev ents o v er different time-scales. First, a tidal encounter

eft a 10 9 M � cloud of H I around IC2497, and caused IC2497’s
arped appearance. The new radio frequency data then show that a

adio outburst, ∼10 8 yr ago, shaped and perturbed the multiphase
as tens of kpc around IC2497, before switching off. The relic
adio lobe from this outburst is what we now see in the LOFAR
ata – a corresponding northern radio lobe has presumably faded to
nvisibility, perhaps because of the lower gas density to the north
f IC2497. Much more recently ( ∼10 5 yr ago) a radiati vely-ef ficient
GN outburst illuminated the gas that had been swept up around

he radio lobe and gave rise to the extended emission-line region
hat characterizes HV. The ongoing nuclear starburst and jet (both
rst observed by Rampadarath et al. 2010 ) may have begun/turned
n around the same time but it seems unlikely that the jet was
ontinuously active through the period. This timeline is clearly
n contrast with the previous suggestion that fading AGN could
ndicate a lasting change in accretion mode (from being dominated by
adiative to mechanical output; e.g. Sartori et al. 2018 ). In the IC2497-
V system, the situation is clearly more complex, with evidence

or recurring episodes of mechanical (or radiatively inefficient) jet
ctivity in addition to the radiati vely ef ficient acti vity responsible for
onising HV. 

We echo previous suggestions that HV could be a unique local
bject that e x emplifies processes much more common in the high-
edshift Universe at the peak of cosmic star formation, and is
herefore worthy of more study. 
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