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ABSTRACT

We studied the nearby, interacting galaxy NGC5195 (M 51b) in the radio, optical and
X-ray bands. We mapped the extended, low-surface-brightness features of its radio-continuum
emission; determined the energy content of its complex structure of shock-ionized gas;
constrained the current activity level of its supermassive nuclear black hole. In particular,
we combined data from the European Very Long Baseline Interferometry Network (~1-pc
scale), from our new e-MERLIN observations (~10-pc scale), and from the Very Large Array
(~100-1000-pc scale), to obtain a global picture of energy injection in this galaxy. We put
an upper limit to the luminosity of the (undetected) flat-spectrum radio core. We find steep-
spectrum, extended emission within 10 pc of the nuclear position, consistent with optically
thin synchrotron emission from nuclear star formation or from an outflow powered by an active
galactic nucleus (AGN). A linear spur of radio emission juts out of the nuclear source towards
the kpc-scale arcs (detected in radio, He and X-ray bands). From the size, shock velocity,
and Balmer line luminosity of the kpc-scale bubble, we estimate that it was inflated by a
long-term-average mechanical power ~3-6 x 10*' ergs~! over the last 3-6 Myr. This is an
order of magnitude more power than can be provided by the current level of star formation, and
by the current accretion power of the supermassive black hole. We argue that a jet-inflated bub-
ble scenario associated with previous episodes of AGN activity is the most likely explanation
for the kpc-scale structures.

Key words: techniques: interferometric —techniques: radar astronomy — galaxies: active—
galaxies: individual: NGC 5195 —radio continuum: galaxies — X-rays: galaxies.

such as SBO, -pec (Sandage & Tammann 1981), SBa (Hyperleda'),
and 10-pec (de Vaucouleurs et al. 1991).

1 INTRODUCTION

The early-type galaxy NGC 5195 (M51b) is the junior partner in the The nature of the nuclear activity of NGC 5195 has been an out-
interacting system Messier 51, dominated by the grand-design spiral standing problem. The Spitzer detection of mid-infrared high excita-
NGC 5194 (M 51a). The peculiar appearance of NGC 5195 (tidally tion lines, such as [Ne V]A14.32 um, in the inner ~(200 x 400) pc,
disturbed in the interaction) has led to discrepant classifications was interpreted (Goulding & Alexander 2009) as evidence of AGN

activity. Optical line ratios also place the nucleus in the LINER class
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(Moustakas et al. 2010; Ho, Filippenko & Sargent 1997), despite
the relatively low X-ray luminosity of its nuclear black hole (BH)
(Terashima & Wilson 2004).

A recent Chandra study by Schlegel et al. (2016) revealed an
X-ray emitting region with a double arc-like structure, located on
the south side of the galaxy, between about 15 and 30 arcsec from
the nucleus. Schlegel et al. (2016) attributed the X-ray bright arcs
to outgoing shocks, which sweep gas as they radially expand. In ad-
dition, they found that the morphology of the H & emission closely
matches that of the X-ray emission (Fig. 1), with an H « arc located
just outside the outer X-ray arc. Schlegel et al. (2016) suggested
that the arcs are the result of episodic outflows driven by mechan-
ical feedback from the nuclear BH; this may have been caused
by infalling matter driven by the interaction between NGC 5195
and NGC 5194 (interaction time-scale of 50-500 Myr: Salo & Lau-
rikainen 2000; Dobbs et al. 2010; Mentuch Cooper et al. 2012).

Hydrodynamical simulations show (Saxton et al. 2005; Massaglia
etal. 2016; Mukherjee et al. 2017) that the lack of obvious jet signa-
tures such as hot spots is expected for a system with low jet power
(P S 10*? erg s~!) and/or a jet propagating in an inhomogeneous
medium. In those cases, the jet entrains ambient gas and gradu-
ally dissipates its kinetic energy along the way, losing collimation
and forming a bubble or cocoon, with an arc-like front. Weak jets
are also subject to the magnetic kink instability (Tchekhovskoy &
Bromberg 2016), which favours the dissipation of the jet power in a
bubble. (See also the review of jets and bubbles by Soker 2016.) On
the other hand, starburst-driven superwinds can also produce large
galactic bubbles and bipolar outflows (e.g. Baum et al. 1993; Jogee,
Kenney & Smith 1998; Hota & Saikia 2006).

In this paper, we want to determine whether the arc structures in
NGC 5195 are more likely to have a starburst or a jet origin. To do
so, we follow up on the findings of Schlegel et al. (2016), by in-
vestigating the connection between the current nuclear activity and
the kinetic energy required to create the arcs/bubble structure. We
present the results of our new observations with the enhanced Multi-
Element Remote-Linked Interferometer Network (e-MERLIN) at
18 and 6 cm, as part of the Legacy e-MERLIN Multi-Band Imaging
of Nearby Galaxies Survey (LeMMINGS) project (Beswick et al.
2014; Baldi et al. 2018). We combine those observations with our
data from the European VLBI (very long baseline interferometry)
Network (EVN), and with archival Very Large Array (VLA) obser-
vations, in order to map the radio properties from the nuclear region
(pc scale) to the arc region (kpc scale), and determine how energy
was injected from the former to the latter region. We support our
analysis with a Chandra study of the X-ray emission from the nu-
clear region, and with Hubble Space Telescope (HST) narrow-band
imaging of the Balmer line emission in the arc region.

Throughout this paper, we define spectral index, «, as S, o« v¥,
where S, is the measured flux density at frequency, v. For consis-
tency with Schlegel et al. (2016), we adopt a distance to NGC 5195
of 8.0 Mpc (thus, 1 arcmin 40 pc).

2 OBSERVATIONS AND DATA ANALYSIS

2.1 European VLBI network data

We observed NGCS5195 (RA =13"2959.537%; Dec =
+47°15'58738 [J2000.0]) with the EVN on 2011 November 7, for
8 h (UTC: 01:30-09:30) at a wavelength of 18 cm, with a single tar-
get pointing centred on NGC 5194. Details of the observing set-up
are given in Rampadarath et al. (2015).
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Table 1. e-MERLIN observations.

Band v Av Date Time
(GHz) (MHz) (dd/mm/yy) (h)
(1) (2) 3) 4) 5)
L 1.51 512 09/04/15 0.90
C 5.07 512 08/03/16 5.85

Notes. Columns are: (1) band name, (2) central frequency, (3) bandwidth,
(4) observing dates, and (5) total on-source integration time.

The observation was phase referenced to J13324-4722 (RA =
13" 32™ 45.246424%; Dec = +47° 22 227667700 [J2000.0]) lo-
cated 31 arcmin from NGC5194, and used a phase-referencing
cycle of 5min on target and 1 min on the calibrator. Using the
multiple-phase-correlation technique (Deller et al. 2011; Morgan
et al. 2011), a field of ~8 arcmin was surveyed using 192 sub-
fields, including one centred on NGC 5194. Each sub-field covered
41 arcsec x 41 arcsec, at a maximum resolution of 5 mas. The
phase centres, including NGC 5194 were calibrated and primary
beam corrected using the Astronomical Image Processing System
(atps)? as described by Rampadarath et al. (2015). Images of the
NGC 5194 centred field were made with different combinations of
UV-ranges (10-100 per cent) and image weights, which did not re-
veal any detections. Using the most sensitive image, we place a 5o

upper limit on the flux density of F, < 132uJy beam™'.

2.2 e-MERLIN data

NGC5195 was observed with e-MERLIN as part of the LeM-
MINGS project, at both L and C bands.? The observations are sum-
marized in Table 1. The L-band observation was phase referenced
to J133544542 (RA =13"352139623; Dec =+45°42'38/231
[J2000.0]), located 1281 from our target. The C-band observation
was phase-referenced to the nearby calibration source J1332+4-4722
(RA =13"32"453246; Dec =+47°22/22/667 [J2000.0]) located
0248 from NGC 5195. All observations used a phase-referencing
cycle of 7 min on target and 1 min on the calibrator. We observed
the standard flux calibrator 3C 286 to calibrate the flux density scale
to an accuracy of 5 per cent, and used J1407+2827 (0Q 208) to cal-
ibrate the bandpass.

Both e-MERLIN data sets were obtained with 512 channels per
intermediate frequency (four in the C-band, eight in the L-band), and
were averaged to 128 channels per intermediate frequency in post-
processing. Following extensive flagging of bad data due to radio
frequency interference and telescope dropouts, we calibrated the
data sets with arps, using the e-MERLIN calibration pipeline* (Argo
2014), with the procedure described in the e-MERLIN Cookbook.’

To make full use of the wide-bandwidth e-MERLIN data, we
imaged the calibrated data sets with the multiscale, multifrequency
synthesis algorithm (Rau & Cornwell 2011) in the Common As-
tronomical Software Applications (CASA; McMullin et al. 2007).
To search for emission from the VLA-detected structures (see Sec-
tion 2.3), we used standard wide-field imaging techniques, account-
ing for non-coplanar baselines (w-projection with 64 w-planes; see

2 The Astronomical Imaging Processing System is owned and maintained
by the National Radio Astronomical Observatory (NRAO).

3 The L-band covers 1-2 GHz; the C-band 4-8 GHz; the X-band 8-12 GHz.

4 http://www.e- merlin.ac.uk/observe/pipeline/

5 http://www.e-merlin.ac.uk/data_red/tools/e-merlin-cookbook_V3.0
_Feb2015.pdf
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HST F555W

HST F658N Chandra

Figure 1. Left-hand panel: HST/ACS image of NGC 5195 in the F555W filter. The nuclear position is marked with a magenta circle, for comparison with the
other two panels. Middle panel: HST/ACS image in the continuum-subtracted F658N filter (Gaussian-smoothed with an 11-pixel kernel), on the same scale.
The bipolar outflow appears open towards the lower density north side, and bounded by arcs and filaments on the southern side. Right-hand panel: adaptively
smoothed Chandra/ACIS-S image of the same field. Red = 0.3—1 keV; green = 1-2keV; blue = 2-7 keV. The morphology of the bipolar bubble is similar to
the one seen in the Ha image; the faint, diffuse soft emission outside the bubble, in the lower part of the image, belongs to the outer disc of NGC 5194. In all
three panels, north is up and east to the left. The scale bar is 30 arcsec, corresponding to 1.2 kpc.
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Figure 2. e-MERLIN maps of the nuclear region of NGC 5195. Left-hand panel: L-band contours overlaid on the corresponding grey-scale image; the image
size is 176 x 1”8 (64 pc x 72 pc). The synthesized beam is 0720 x 0718 (8.0 pc x 7.2 pc) at a position angle of 79°. Right-hand panel: C-band contours and
grey-scale image; the image size is 170 x 170 (40 pc x 40 pc). The synthesized beam is 0709 x 0706 (3.6 pc x 2.4 pc) at a position angle of —49°. In both
panels, the contours are at ( — 3, 3,4, 5,6, 7) X oms (as listed in Table 3); negative contours are shown as dashed lines.

Cornwell, Golap & Bhatnagar 2008). We did not apply any time
or spectral averaging, in order to minimize amplitude losses due to
time and bandwidth smearing. Only emission from the core region
was detected above 5o. The final naturally weighted images of the
core region at both frequencies are displayed in Fig. 2. While no
self-calibration was used on the target, improved solutions for the
images were obtained via phase-only self-calibration of the phase
calibrator and interpolated to NGC 5195 data.

We measured flux densities using BLoBcAT (Hales et al. 2012b,
2012a), a stand-alone PYTHON program to catalogue objects in a 2D
radioastronomy Stokes-I image. BLOBCAT presents a robust alterna-
tive to Gaussian fitting by utilizing the flood fill algorithm (Fishkin

Cceanogr aphi c Library user
2018

& Barsky 1985) to detect and catalogue complex ‘blobs’ that rep-
resent sources in a 2D-astronomical image. To prevent overfitting
of the blobs, we used a stopping signal-to-noise ratio® of 3.

2.3 Archival VLA data

We used archival multiconfiguration VLA observations centred on
NGC 5194 in the L, C, and X bands. The observations are summa-
rized in Table 2, and the calibration procedures are explained in

0 The parameter fgNR in BLOBCAT.



Table 2. Archival VLA observations.

Band Config v Date Time

(GHz) (h)

() 2 (3) “) Q)
L A 1.385;1.465° 10/2004 30.8
B 1.385%;1.465¢ 06/2005 23.9

c 1.465" 04/1992 13.4

D 1.465° 07/1988 12

c B 4.8767 12/2003-03/2005 23
C 4.835" 07/2001 14.4

D 48850 03-04/1991 8.7

X c 8.435" 04/2005 20.3
D 8.435" 10-11/2001 17.6

Notes. See Dumas et al. 2011, Table 2, for more details.

Columns are: (1) band name, (2) VLA configuration, (3) central
observing frequency for each intermediate frequency, (4) observation dates
(mm/yyyy), and (5) total on-source integration time.

“pandwidth = 50 MHz; *bandwidth = 25 MHz.

detail by Dumas et al. (2011). The uv data sets for each band were
combined within casa and imaged using multiscale clean (Rau &
Cornwell 2011), with scales at 0, 5, 10, and 15 pixels. For accu-
rate morphological and flux density comparisons, the final images
(at each frequency) were made with minimum and maximum uv-
ranges of 0.5 and 180 kA, respectively, a cellsize of 0723, with a
Briggs robust weighting of 1. Since the data sets were all centred on
NGC 5194, in order to include NGC 5195 (&5 arcmin north of the
pointing centre), we created wide-field images of radius 6’, using
w-projection (Cornwell, Golap & Bhatnagar 2005) with 128 planes.
Primary beam effects were corrected with the casa task IMPBCOR, and
finally a sub-image of NGC 5195 was extracted with IMSUBIMAGE.
The final result is shown in Fig. 3. As for the e-MERLIN data, we
used BLOBCAT to extract flux densities. For further analysis, we also
used other pyTHON-based open-source software such as Astropy’
2.0, and SciPy® 1.0 (in particular, its core package NumPy).

2.4 Optical data

We used optical images of the galaxy taken with the HST Ad-
vanced Camera for Surveys (ACS) on 2005 January 12-22 (observ-
ing program 10452); we downloaded the mosaicked images from
the Hubble Legacy Archive.” We used a suitably weighted linear
combination of the F555W and F814W broad-band images to con-
struct an approximate continuum image at the wavelength of H «;
we then subtracted it from the F658N narrow-band filter image, af-
ter a suitable re-normalization based on their effective filter widths.
We verified that the main continuum sources (stars and clusters)
were, on average, well subtracted; thus, the continuum-subtracted
F658N image (Fig. 1, middle panel) includes only the Ha plus
[N II] emission lines complex.

2.5 X-ray data

In the X-ray band, the M 51 system has been observed 12 times (con-
sidering only observations longer than 2 ks) between 2000 and 2012,
with the back-illuminated S3 chip of the Advanced CCD Imaging

7 http://www.astropy.org/
8 https://scipy.org/
? https://hla.stsci.edu/
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Spectrometer (ACIS-S) on board the Chandra X-ray Observatory
(see table 3 in Rampadarath et al. 2015). The total ACIS-S exposure
time for the central region of NGC 5195 was 658 ks. It was then
observed once with the front-illuminated chips of Chandra/ACIS-1,
on 2017 March 17, for 38 ks; the Principal Investigator (PI) was
Murray Brightman. The ACIS-S data sets were downloaded from
the public Chandra archive. We reprocessed all observations using
tools available in c1a0 version 4.9, with the caLDB calibration files
version 4.7.7 (Fruscione et al. 2006), to obtain new level-2 event
files. We reprojected the event files to a common point, and com-
bined them, to obtain a deep X-ray image of the field, as described
in detail by Rampadarath et al. (2015). The ACIS-I data set will be
discussed in more details in a forthcoming paper (Brightman et al.,
in preparation; see also Brightman et al. 2017).

X-ray emission from the nuclear region of NGC 5195 is detected
in every ACIS-S and ACIS-I observation. Unfortunately, in the
ACIS-S observations, NGC 5195 was always located several ar-
cmin away from the S3 aimpoint (typically, the nuclear region of
NGC 5194); as a result, the point spread function near the nucleus
is highly elongated (Fig. 1, right panel) and the spatial resolution
relatively low, &5 arcsec. Also, for this reason, we cannot improve
on the default Chandra/ACIS-S astrometry of the re-processed and
stacked archival data; the astrometry is accurate within ~075 in
68 per cent of the imaging data sets, and within ~077 in 90 per cent
of the data sets.!” Instead, the 2017 ACIS-I observation was aimed
at a source in the northern half of NGC 5194: hence, the resolution
around NGC 5195 is better, ~1 arcsec. This is enough to (partially)
resolve the nuclear emission into distinct sources; however, the ex-
posure time is too short for any meaningful spectral analysis. For
ACIS-I observations, the 90 per cent uncertainty of the absolute po-
sition has a radius of ~0!75. We checked the astrometric accuracy
of our observation with the help of four radio/X-ray associations,
selected from the list of sources in table 4 of Rampadarath et al.
(2015). There is no systematic offset between the X-ray and radio
positions, and the scatter is <0'5.

We used a combination of the deep (but low-resolution) ACIS-S
archival data and the shallow (but high-resolution) ACIS-I data to
estimate the X-ray properties of the nucleus. For the ACIS-S data,
we used the imaging tool ps9 to define an elliptical source region of
semi-major axes 4”1 x 28 (=160 pc x 110 pc), and a background
region three times as large. We then used standard ciao tasks for
data analysis. In particular, we measured the count rate and hard-
ness ratio of the unresolved nuclear source at every epoch. Then,
we extracted a merged spectrum of all the observations, with as-
sociated response and auxiliary response files, using the ciao task
specextract. We grouped the spectrum to a minimum of 15 counts
per bin, with the grppha task within rrooLs (Blackburn 1995). Fi-
nally, we modelled the spectrum with xspEc Version 12.9.0. For
the ACIS-I observation, we identified a candidate point-like nu-
clear source, consistent with the location of the radio nucleus, and
estimated its net count rate. We converted this count rate to an unab-
sorbed flux (and hence luminosity) in various bands, using plausible
spectral parameters inferred from the analysis of the stacked ACIS-S
spectrum (as discussed in Section 3.4).

10 http://cxc.harvard.edu/cal/ASPECT/celmon/
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Figure 3. Multiscale, multiconfiguration, multifrequency VLA images of NGC 5195. The peak fluxes and the image noise, o, are given in Table 3. All
three images have a size of 2!5 x 2!5 (6 kpc x 6kpc), with synthesized beam sizes of 4701 x 3”34 (160 pc x 138 pc), at a position angle of —79°. The contours
in each image are at (— 3, 3, 5, 10, 15, 30, 60, 90) X oms; negative contours are dashed. All three images show a core, a jet-like elongated structure south of

the core (‘spur’), and an arc-like feature further south.

3 RESULTS

3.1 Sub-arsecond-scale radio structure

We do not detect any emission at the nuclear position in the EVN
images, at 18cm; the 5o upper limit of the flux density is F, < 132
wly beam™! (Rampadarath et al. 2015), with a resolution of
9.9 mas x 5.6 mas (corresponding to 0.38pc x 0.22pc). This
implies a 5-GHz upper limit Lsgu, < 5.1 x 10**ergs™' for the
luminosity of a compact, flat-spectrum AGN jet in 2011 November.
It is possible that we did not detect a compact source with the EVN
because the jet is currently switched off, or because the source is
dominated by a larger-scale radio outflow.

Instead, we do detect nuclear radio emission in the e-MERLIN
observations of 2014-2015, in both the L and C bands. Initially,
we imaged the e-MERLIN data with natural weighting; the beam
sizes are 200 mas x 180 mas at 1.5 GHz, and 90 mas x 60 mas
at 5 GHz. The images show (Fig. 2) a source with a stronger core
and a resolved structure on scales of about 03 (12pc) in the L
band.!' The core is itself partially resolved in the C band, with a
size of about 0”1 (4 pc). The nuclear emission has a steep spectrum,

I The source extents are taken as the linear distance from the central peak
pixel to the edge of the 30ms contour. A single pixel accuracy is assumed
for this measurement.
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Table 3. Radio interferometric measurements.
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Array v Component Speak Sint log(L,/W Hz™ 1) Orms Opeam PA.
(GHz) (mJy beam™!) (mJy) (Wy beam™!) (arcsec X arcsec) ©)

QY] 2) 3) 4) (5) (6) @) (3) ©)
EVN 1.65 Core <0.132 <0.132 <18.00 26.4 0.0099 x 0.0056 14.3
e-MERLIN 1.51 Core 0.57 £ 0.11 2.00 + 0.17 19.18 98.90 0.20 x 0.18 79
5.07 Core 0.18 +0.03 0.42 + 0.04 18.51 26.90 0.09 x 0.06 —49
VLA 1.43 Total 5.31+£0.39 39.03 £+ 2.76 20.48 24.42 4.01 x 3.45 -79
Core 5.31 +0.39 11.22 + 0.79 19.93 - - -

‘Spur’ - 7.10 £+ 0.85 16.74 - - -

Arc - 18.14 + 2.18 17.14 - - -
4.86 Total 244 4+0.18 10.25 + 0.73 19.89 14.13 4.01 x 3.45 -79

Core 244 4+0.18 4.26 + 0.30 19.51 - - -

‘Spur’ - 297 + 0.35 16.36 - - -

Arc - 3.02 £ 0.36 16.36 - - -

8.44 Total 1.78 £ 0.13 9.51 + 0.67 19.86 11.56 4.01 x 3.45 -79

Core 1.78 £ 0.13 2.68 £ 0.19 19.31 - - -

‘Spur’ - 2.51 £+ 0.30 16.28 - - -

Arc - 4.32 + 0.30 16.52 - - -

Notes. Columns are: (1) array, (2) central frequency, (3) spatial components, as defined in Section 3.2, (4) peak flux density, (5) integrated flux density, (6)

spectral luminosity corresponding to the integrated flux density at 8 Mpc, (7) root-mean-square noise, (8) beam size, and (9) beam position angle.

with integrated flux densities of (2.00 & 0.17)mJy at 1.5 GHz
and (0.42 £ 0.04) mJy at 5 GHz (Table 3). The uncertainties are a
combination of the fitting errors from blobcat that take into account
correlated pixel noise, and of a systematic flux calibration error of
5 per cent, added in quadrature.

We then re-imaged the e-MERLIN C-band data with a Briggs
robust weighting of —1, which provides a higher spatial resolution:
40.8 mas x 28.5 mas (1.6 pc x 1.1 pc). At those scales, we find that
the nuclear source is unresolved. The location of the nuclear source
is RA =13"29™59°.534 (4:0°.001); Dec =+47°15'58/33 (+0".01)
[J2000.0].

We used the arps task jmfit to measure the flux density and an
upper limit on the deconvolved size. We obtain a 5-GHz flux density
of (0.28 £ 0.07) mJy and an upper limit on the deconvolved size of
07033 = 1.3pc. This implies a brightness temperature log(7 /K) 2
4.1. Generally, thermal sources have log(7g/K) < 5.0 and non-
thermal sources have log(7g/K) 2 5.0 (Condon 1992). Therefore,
the limit on the brightness temperature in the core of NGC 5195
is low enough to be still consistent with the starburst interpretation
(although of course it does not rule out an AGN interpretation). Note
that this 0.28-mJy detection is not inconsistent with the 0.13-mJy
upper limit from the EVN, because the beam area is 20 times smaller
in the latter case. Deep radio continuum observations at higher
angular resolution would be needed to further constrain whether
the nuclear radio source is thermal or non-thermal in nature.

3.2 Arcsecond-scale radio structure

The VLA images (Fig. 3) reveal a number of interesting features: (1)
a bright compact source at the centre of the galaxy; (2) an elongated
structure that extends about 18”5 (0.74 kpc) south of the nucleus
(hereafter referred to as the ‘radio spur’); and (3) an arc of emission
at about 46”3 (1.85 kpc) south of the nucleus that appears to curve
around the nuclear position (hereafter referred to as the ‘radio arc’).
Flux densities and corresponding uncertainties for the VLA images
are listed in Table 3.

There is also evidence for diffuse, kpc-scale low-surface bright-
ness emission to the north of the nuclear location, that appears to
create a large elongated cocoon, completely surrounding the central
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region of the galaxy; see also the top two panels of fig. 2 in Dumas
et al. (2011), where the cocoon appears to extend at least ~3 kpc
in the northern direction, twice as far as the southern lobe. It is
difficult to say with confidence whether this is real emission, and
whether it has a well-defined boundary, as the structure is not con-
sistent across all frequencies. In addition, the distance of NGC 5195
from the pointing centre of the VLA observations (i.e. at the outer
edges of the primary beam) increases the image rms noise and hence
the uncertainty of the emission being real. With those caveats, the
emission in the northern direction is only a 3¢ detection, but it is
an intriguing possibility that deserves further investigations. The
presence of an elongated radio cocoon around the nucleus would
be a hint that kinetic power has been injected from the nucleus into
the surrounding gas in a bipolar geometry.

The study by Schlegel et al. (2016) reported the detection of a
pair of X-ray and Ho arcs, one at 15 arcsec from the nucleus (the
‘inner arc’), and another at 30 arcsec (the ‘outer arc’). Figs 4 and 5
compare the Chandra/ACIS-S image (0.3-2keV), the HST/ACS
continuum-subtracted Ho emission, and the VLA L-band map:
there is considerable morphological similarity between the three
bands. The radio spur appears to terminate in a region of bright X-
ray and H & emission, but low radio emission. The radio arc appears
morphologically similar to the X-ray and H « arcs, except for where
the radio arc is connected to the radio spur.

To further understand the nature of the radio emission, we com-
bined the VLA images in the L, C, and X bands to create a spectral
index map, using AstroPy and SciPy software (in particular, the
sub-package scipy.optimize.curve_fit). Since the VLA data have al-
ready been imaged using the same uvtaper, cellsize and weighting
parameters, the C- and X-band images were re-gridded (via the Arps
task regrd) to match the L-band image. The three images were then
exported as FITS files. To remove biasing towards steep « values
due to noise and negative pixels, we imposed a 1o flux density cut
on the three images, where o is the rms noise of each uvtapered
image.'? The final spectral index and noise maps are shown in Fig. 6.

12We chose a 1o cut because the arc is detected at the 3-50 level in the
L-band image but with lower significance at higher frequencies. Thus, the
spectral index in the arc should be taken as an upper limit.
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20" =800 pc

Figure 4. Left-hand panel: VLA 20-cm contours (in green) overplotted on to a grey-scale HST/ACS image in the continuum-subtracted F658N band. The
HST image has been Gaussian smoothed with an 11-pixel kernel. The radio contours correspond to those plotted and explained in Fig. 3(a). The scale bar is 20
arcsec, corresponding to ~800 pc, and the size of the panel is ~1.9 arcmin x 2 arcmin. Right-hand panel: VLA 20-cm contours (in green) overplotted on to
a grey-scale Chandra/ ACIS-S image in the 0.3-2keV band. The Chandra image has been adaptively smoothed with the CIAO task csmooth. We selected the
0.3-2keV band in order to maximize the relative contribution of the diffuse hot gas emission. Scale bar and image size are the same as in the left-hand panel.

20" =800 pc

Figure 5. Composite colour image in the radio band (red: VLA 20cm),
optical band (green: HST/ACS F658N filter), and X-ray band (blue:
ChandralACIS-S 0.3-2 ke V). Optical and X-ray images have been smoothed
as in Fig. 4. The scale bar is 20 arcsec corresponding to ~800 pc, and the
size of the panel is ~1.9" x 2'0.

The spectral indices obtained for the core and spur (—0.7 < o <
—0.6) are consistent with optically thin, non-thermal synchrotron
radio emission (Nagar, Wilson & Falcke 2001), while the spectral
index is significantly steeper within the arc (¢ < —0.7); this is

consistent with either jet activity or a population of supernova (SN)
remnants (Mulcahy et al. 2016). The lack of a self-absorbed flat-
spectrum core (@ =~ () agrees with the non-detection of the radio
core in the EVN data. The steepening of the spectral index in the
arc could be the result of synchrotron ageing (Carilli et al. 1991), or
energy losses due to adiabatic expansion of the material as it does
work on its surroundings (Carilli et al. 1991). More observations
of the radio spectrum at lower frequencies are required for a more
detailed analysis of either effect, but this is beyond the scope of this
paper.

Finally, we compare our results with those from previous radio
studies of NGC 5195. The observations by Alatalo et al. (2016)
and Nagar, Falcke & Wilson (2005) had worse angular resolutions
than our images, but their reported fluxes are consistent with ours.
Alatalo et al. (2016) measured a total continuum flux density of
(1.21 £0.21) mJy at 106 GHz with a beam size of 7/6 x 6”1, which
is much larger than our VLA beam. Nagar et al. (2005) reported an
upper limit of 1.1 mJy beam™' at 15 GHz, with a beam size of 0715,
close to the e-MERLIN (/2 beam size at 1.5 GHz. If we assume
an average spectral index « = —0.65 in the core/spur region, we
expect a flux density of 0.44mly at 15 GHz, consistent with the
upper limit of Nagar et al. (2005). Our estimated spectral indices
agree with those computed by Mulcahy et al. (2014), who compared
the flux densities at 151 MHz (from LOFAR) and at 1.4 GHz (from
the VLA); they found o & —0.65 for the nuclear region and o ~
—0.75 for the outer arc.

3.3 Balmer line emission

We have already noted that the morphology of the optical line
emission matches the location and extent of the radio and X-ray
arcs, south of the nucleus. In addition, the Balmer line emission
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(a) Spectral index map

Jets, arcs and shocks in NGC 5195 2883

(b) Error map

Figure 6. Spectral index map (left panel) and the corresponding error map (right panel), obtained from the combination of the VLA L-, C- and X-band images;
L-band contours from Fig. 3(a) are overlaid. The image size is 1".2 x 1'.2 (= 2.8 kpc x 2.8 kpc). The spectral index gradually increases outwards from the

core towards the radio arc.

traces the contours of at least the lower half of what we suggested
(Section 3.2) is the northern radio lobe or cocoon. In fact, the kpc-
scale bipolar structure of the nuclear outflow is even clearer in the
HST narrow-band image (Figs 3b and c) than in the VLA images.
The bipolar structure (in particular, the lower edges of the northern
lobe) opening up from the nuclear source is also detected in the
Chandra image (Fig. 3a), although at lower spatial resolution and
signal-to-noise ratio. The existence of a similar bipolar structure at
all three bands strongly suggests that most of the kinetic energy has
been injected from a small region surrounding the nuclear position.

We used the HST/ACS image in the F658N filter, which includes
Ha, [NII] A6548, and [N II] 16583. We defined three source ex-
traction regions: (a) a circle of radius 200 pc around the nuclear po-
sition, which covers most of the star-forming activity in the galaxy
(Alatalo et al. 2016); (b) a 1-kpc-radius circular region covering
what we shall call for simplicity the southern lobe (the inner and
outer arcs described by SJVM, and the complex filamentary struc-
ture between and around them); (c) a 1.2-kpc-radius circular region
covering the northern lobe (the funnel-like structure opening up
from the nucleus towards the north side of the galaxy, Fig. 1). We
excluded the 200-pc nuclear region from both the northern and the
southern lobe regions, so we can treat them separately. We also de-
fined suitably large background regions outside the galaxy. For each
source region, we measured the background-subtracted count rates.
We multiplied the count rates by the ACS flux-density normaliza-
tion value PHOTFLAM, " to convert count rates to flux densities;
then we multiplied by the effective width of the filter, to obtain
the combined flux in the lines covered by the filter. The effective
width of the F658N filter is listed as 78 A in table 5.1 of the ACS
Instrument Handbook.'* We checked this value using the pyTHON
task pysynpHOT'S (as recommended by Jenna Ryon, ACS Instrument
Team, private communication), under the plausible assumption that
the three lines are much narrower than the filter width. We obtained
an effective bandpass of 75 A with PYSYNPHOT, which is the value

13 https://acszeropoints.stsci.edu/

14 http://www.stsci.edu/hst/acs/documents/handbooks/current/c05
_imaging2.html

I3 https://pysynphot.readthedocs.io/en/latest/index.html

we adopt here. We also corrected the flux for line-of-sight Galactic
extinction. The final result is that the total de-reddened flux in the
F658N filter is: Fresgy = (1.9 £ 0.4) x 1073 ergs~' cm™? for the
nuclear region; Fressny = (5 & 1) x 1073 erg s~! cm 2 for the south-
ern lobe; Fresgny = (3.5 £ 0.5) x 1073 erg s~! cm~2 for the northern
lobe.

The next step is to estimate what fraction of the flux in the F658N
filter belongs to H o, and what fraction belongs to the two [NII]
lines. Generally, this ratio is a function of ISM density, metallicity,
and shock velocity (Allen et al. 2008). Observations by Hoopes
& Walterbos (2003) suggest a ratio of [N I[JA6583/H « ~1.3 in the
shock-ionized gas of the southern lobe (see their table 5 and fig. 19);
we assume that the same ratio holds in the northern lobe. When the
expected contribution from [N IIJA6548 is also taken into account
(with a theoretically-predicted value of Fgsg3 =~ 2.95Fgs43, almost
independent of ISM conditions; Allen et al. 2008), we obtain Fy,
~ (.37 Fpessn. For the star-formation-dominated nuclear region, we
assume a ratio of [NIIJA6583/Ha =~0.3 typical of photoionized
HII regions (Hoopes & Walterbos 2003), that is Fyy = 0.7Fpessn-
Finally, we assume a standard Balmer decrement for Case B recom-
bination in warm gases (7 ~ 10* K), and estimate Fup ~ 0.35Fy,.
We obtain Fgp = (4.7 £ 1.0) x 10~ ergs~! cm™? in the inner
200pc, Fup = (6.5 £ 1.3) x 107 ergs~' ecm~2 in the southern
lobe, and Fyyp = (4.5 £ 0.5) x 10~ ergs~! cm~? in the northern
lobe. At the assumed distance of 8 Mpc, this corresponds to a lu-
minosity Ly = (5.0 & 1.0) x 10®¥ergs™" in the southern lobe,
Lyg =34£05) x 10*® erg s~! in the northern lobe, and a total
bubble luminosity Lys = (8.4 £ 1.1) x 10®¥ergs™! (all values
corrected for line-of-sight extinction).

For the nuclear region, the line-of-sight extinction is certainly an
underestimate of the total extinction, which makes our estimate of
the intrinsic Balmer line luminosity somewhat uncertain. If we take
the column density estimated from the nuclear X-ray luminosity
(Section 3.4), converted to an optical extinction with the relation
of Giiver & Ozel (2009) (i.e. ~1 additional magnitude of intrinsic
extinction in the V band), we need to multiply the observed Ho
luminosity by a factor of ~2. In summary, for the nuclear region
we have an observed Ho luminosity Ly, ~ 10* ergs™!, and we
estimate an extinction-corrected intrinsic luminosity as high as Ly,
~2 x 10¥%ergs™!.
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5" =200 pc

Figure 7. Left-hand panel: unsmoothed Chandra/ACIS-I image of the nuclear region, in the 0.3-7.0keV band. Here and in the other two panels, the green
ellipse is our source extraction region for the unresolved nuclear emission in the ACIS-S data sets; the magenta circle (radius of 0775) is the location of
the radio core derived from our e-MERLIN observations. Middle panel: Gaussian-smoothed ACIS-I image, in the 0.3—-1.5keV band. Right-hand panel:

Gaussian-smoothed ACIS-I image, in the 1.5-7.0keV band.

3.4 X-ray emission

The elongated nuclear emission seen in the stacked ACIS-S images
is resolved into at least three sources in the ACIS-I image, with an
additional point-like source located ~4 arcsec to the north-west of
the nucleus (Fig. 7). Based on the location of the radio core de-
tected by e-MERLIN (Section 3.1), we find that only one of the
partially resolved X-ray sources is consistent with the position of
the radio nucleus (Fig. 7). We used the emission in the 2-7 keV
band to estimate the location of this compact X-ray source, in order
to minimize the contamination from diffuse hot gas; we obtain RA
=13"29™59° 51, Dec =+47°15'5871 [J2000.0]. This is 20”3 away
from the e-MERLIN core position, well within the uncertainty of
the absolute astrometry of the ACIS-I image (Section 2.5). Thus,
this X-ray source is the most likely candidate for the supermas-
sive BH emission. However, an X-ray binary origin also for this
source cannot be completely ruled out by the available data. There-
fore, the luminosity of this source should be taken as the upper limit
to the true X-ray luminosity of the supermassive BH.

Individual observations do not contain enough counts for mean-
ingful spectral analysis; however, they do contain enough counts
for a general assessment of long-term variability of the emission
in the nuclear region. The sensitivity of the ACIS-S detector has
degraded significantly over the years, especially below 1 keV; thus,
before comparing count rates at different epochs, we converted the
directly observed values to the nominal rates that would have been
measured by the detector in 2012 (Chandra Cycle 13). Similarly, we
converted the Cycle-18 ACIS-I count rate into an equivalent Cycle-
13 ACIS-S count rate. For these conversions, we used the online tool
pivms '@ version 4.8c, from the Chandra X-ray Center. We assumed
a mekal model at kT = 0.6keV to convert the 0.3-2.0keV count
rates, and a power-law model of index I' = 1.4 for the 2-7keV
band: this choice approximates the average spectral properties il-
lustrated later in this section. (Using a power-law model for both
bands does not significantly change the conversion.) We determined
(Table 4) that the net count rate (proxy for the X-ray luminosity) of
the nuclear source varied by a factor of 3, with the observations at
later epochs (2011-2012) fainter than those from 2000-2001. We
do not have enough evidence to determine whether the decrease in

16 hitp://cxc.harvard.edu/toolkit/pimms.jsp

luminosity is due to a dimming of the supermassive BH luminosity,
or of one the other sources (likely X-ray binaries) in the nuclear
region, unresolved by ACIS-S.

For our modelling of the stacked ACIS-S X-ray spectrum,
we started from a simple power-law fit. We find a pho-
ton index ' =~ 1.63 £+ 0.10, and intrinsic column density
ng = (0.13 £ 0.03) x 10?>cm™2, in addition to a fixed Galactic
line-of-sight column density of 1.8 x 10?° cm~2. However, this is
a poor fit (x2 = 275.8/147 = 1.88), mostly because of a signifi-
cant soft excess. We improve the fit with the addition of an opti-
cally thin thermal-plasma component (modelled with mekal: Mewe,
Gronenschild & van den Oord 1985; Mewe, Lemen & van den Oord
1986, at the temperatures of kT = 0.60700; keV. The best-fitting
power-law photon index becomes I' =~ 1.43 + 0.10, absorbed by
a total column density ny = 0.25799 x 10% cm~2. For the power-
law plus thermal-plasma model, x> = 157.2/145 = 1.09; an F-Test
shows that this is a significant improvement over the simple power-
law model, greater than the 99.9999 per cent level for the addition
of the mekal component.

The unabsorbed luminosity of the power-law component in
the 2-10keV band is Lyo—10 =~ (5.1 £ 0.9) x 10’ ergs™!
at the assumed distance; in the 0.3—10keV band, L;03-10 =
(7.4 £ 1.2) x 10’ ergs~!. Physically, the power-law component
represents the contribution of compact accreting sources: super-
massive BH and nearby X-ray binaries. The thermal plasma com-
ponent is instead from diffuse hot gas, and its luminosity is a
proxy for the nuclear star formation rate (SFR). For a direct com-
parison with the results of Mineo, Gilfanov & Sunyaev (2012b)
(see also Section 4.2), we fitted the mekal component with and
without an intrinsic absorption term. When only Galactic line-of-
sight absorption is included, the 0.5-2keV thermal-plasma lumi-
N0sity is Lmek.05-2 & (0.7703) x 103 ergs~!; when a correction
for the intrinsic absorption is included, the luminosity increases to
Linek0s-2 ~ (1.5708) x 10® ergs~!, and about 10 per cent higher
in the 0.3-10keV band.

To estimate the current luminosity of the candidate supermassive
BH, we measured its count rate from the 2017 ACIS-I image, and
converted it to a flux by assuming that it has a power-law spectrum
with the same parameters inferred from the stacked ACIS-S spec-
trum of the unresolved nuclear emission. We estimate an unabsorbed
luminosity Lys -0 & (1.3 £ 0.4) x 103 erg s~!. The uncertainty
is mostly due to the fact that the candidate nuclear source is only
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Table 4. X-ray count rates and hardness ratios for the nuclear source®.

Obsld Obs date Rate” (0.5-2keV) Rate? (2-7keV) Hardness ratio?
(1073571 (1073571
414 2000-01-23 75 £ 26 25+ 1.6 0.33 £ 0.24
354 2000-06-20 48 £ 0.6 28 £05 0.60 =+ 0.12
1622 2001-06-23 53+ 04 25+ 03 047 + 0.07
3932 2003-08-07 46+ 03 19 + 02 041 £ 0.05
12668 2011-07-03 28 + 0.6 0.6 + 0.3 023 + 0.13
13813 2012-09-09 291 + 0.14 1.62 + 0.10 0.56 £ 0.04
13812 2012-09-12 342 £ 0.16 1.90 £ 0.11 0.56 + 0.04
15496 2012-09-19 175 + 0.22 0.95 + 0.16 0.54 £ 0.12
13814 2012-09-20 1.58 & 0.10 1.19 + 0.08 0.76 + 0.07
19522 2017-03-17 26 £ 05 15 4+ 03 0.59 =+ 0.16

Notes.“Defined as the emission inside the green ellipse shown in Fig. 7.
bRe-scaled to the equivalent values that would have been measured by ACIS-S in Cycle 13.

partly resolved, and its count rate may be contaminated by the
nearby X-ray binaries and diffuse emission.

4 DISCUSSION

We structure the Discussion into three main topics. First, in Sec-
tion 4.1, we estimate the mechanical energy and long-term average
power required to generate the observed arcs and bubble. Then, in
Section 4.2, we evaluate whether this power can be produced by
multiple SNe associated with recent star formation, or instead re-
quires an additional source of energy (AGN jet/outflows). Finally, in
Section 4.3, using the constraints from our multiband observations,
we discuss whether the supermassive black hole is currently active,
and whether we can distinguish between the emission contributions
from the supermassive black hole and from a nuclear star-forming
region.

4.1 Energetics of the bubble

4.1.1 Kinetic power from bubble size and expansion speed

To test the jet scenario for NGC 5195, we need to look at the en-
ergetics of the bubble. It cannot have been inflated by a single or
even a few explosive events, as its size and expansion speed require
several orders of magnitude more energy than can be supplied for
example by an individual SN or a tidal disruption event. Therefore,
we shall assume a continuous injection of kinetic power, over a life-
time of a few Myr (Schlegel et al. 2016). This can be due either to a
series of thousands of SNe in the nuclear region, or to an AGN jet.
From standard bubble theory, in the Sedov—Taylor stage of expan-
sion, the mechanical power required to inflate a bubble of radius R,
expanding with a forward shock velocity v into an external medium
of density n, is

Puin ~ 4.0 x 10" RS v}, n ergs™ M

(Pakull, Grisé & Motch 2006; Weaver et al. 1977), where R; =
R/(1kpc), and v, » = vs/(IOOkms_l).

The expansion velocity and therefore the age of the bubble are
not known with great accuracy; Schlegel et al. (2016) suggest a
range between 300 and 620 km s~!, corresponding to ages between
5.6and 2.7 Myr, respectively. We estimate the undisturbed ISM
density n following the technique described by Pakull et al. (2006)
and Pakull, Soria & Motch (2010). We compare our observed H g
luminosity of the bubble (Lys ~ 8.4 x 108 ergs™!, Section 3.3)
with the predicted H 8 flux emitted from the shocked region plus
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that from the precursor, that is the photoionized region ahead of the
shock (equations 3.4 and 4.4, respectively, in Dopita & Sutherland
1996). For fast shocks in the velocity range considered here, the H 8
emission from the precursor is slightly higher (between 5 per cent
and 15 per cent) than the emission from the shock itself (Dopita &
Sutherland 1996), hence it cannot be neglected. We then approxi-
mate the surface of the shock as a spherical bubble of radius R, and
solve for the density n. We obtain:

n~(0.95+0.12) R;Z v 24 (141.32007) 7 em™ 2)

which implies characteristic densities n ~ 1072 cm™3, similar to
those found in other early-type galaxies with jet bubbles (Mingo
etal. 2011).

Finally, re-inserting the density into equation (1), we obtain a
kinetic power

Pl ~ G8£05)x 107005 (14132007 eres )

For the likely range of shock velocities considered here, this corre-
sponds to Py, & (2.9-6.2) x 10* ergs™.

4.1.2 Kinetic power from the H B emission line flux

Let us now estimate the input mechanical power into the shock-
heated gas directly from the flux of the H 8 emission line (Dopita
& Sutherland 1996; Pakull et al. 2010). For a fully radiative shock
expanding into the ISM, standard bubble theory (Weaver etal. 1977)
predicts a total radiative luminosity Ly, = (27/77)Pxi, (the rest of
the jet power going into the bulk kinetic energy of the expanding
shell, and into the work done to expand into the ISM). Most of
the photon luminosity is radiated in the form of IR/optical/lUV
lines. The fraction of luminosity emitted by any given line can be
calculated using shock-ionization codes such as MAPPINGs 111 (Allen
et al. 2008). The H B8 line is particularly suited for this estimate
because Ly g/Li, does not depend on the ISM density and has a
relatively weak dependence on shock velocity (Dopita & Sutherland
1996). For an equipartition magnetic field, we obtain that Ly g / Pyin
~ 2.0 x 1073 for vy = 300kms~!, and Lyg/Pyin =~ 1.1 x 1073
for vy = 620kms~'. This corresponds to a kinetic power Py, ~
(3.7-8.7) x 10" ergs™', in good agreement with our alternative
estimate (Section 4.1.1) based on bubble size and expansion speed.
Indeed, from our experience of jet bubbles around ultraluminous
X-ray sources (ULXs; Feng & Soria 2011; Pakull et al. 2010), we
find that the two methods usually agree within a factor of 2. We
conclude that (within the assumptions of standard bubble theory)
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the gas has been shocked by a long-term average mechanical power
of a few 10* ergs™!, corresponding to a total energy of a few
10 erg injected over its lifetime (2.7-5.6 Myr, from Schlegel et al.
2016).

4.2 Star formation or nuclear jet?

4.2.1 Contribution from star formation

Radio emission associated with star formation consists mainly
of flat-spectrum free—free emission from HII regions and steep-
spectrum synchrotron radiation from radio SNe and SN remnants
(Condon 1992). At frequencies below ~30 GHz, we expect the syn-
chrotron component to dominate. This is consistent with our spec-
tral index map at centimetre wavelengths (Fig. 6 and Section 3.2),
which shows that the radio continuum from the arcs and bubble is
non-thermal.

An SFR ~0.14 M@ yr~' for the whole of NGC 5195 (at an as-
sumed distance of 7.7 Mpc) was derived by Lanz et al. (2013) from
their fitting of the spectral energy distribution from the UV (GALEX)
to the far-infrared (FIR) (Herschel), although they also note that the
FIR emission ‘is confined to its nucleus’. A re-analysis of this study
by Alatalo et al. (2016) suggested residual contamination to the FIR
emission by NGC 5194; thus, Alatalo et al. (2016) revised the SFR
of NGC5195 down to ~0.12M¢ yr~!, at their assumed distance
of 9.9 Mpc. In our work, we have instead assumed a distance of
8.0 Mpc; this implies an SFR ~0.08 M, yr™'. By comparing their
FIR-derived SFR with the 1.4-GHz flux (=17 mJy) measured by
the Westerbork SINGS survey (Kennicutt et al. 2003; Braun et al.
2007) within the inner ~800 pc, and using the radio-SFR relation
of Murphy et al. (2011, 2013), Alatalo et al. (2016) found that the
radio flux is only ~20 per cent higher than expected from the SFR,
and therefore they argue that the radio emission in NGC 5195 ‘is
predominantly produced by star formation, rather than radio-loud
AGN activity’.

We can now compare the long-term average mechanical power
of the bubble (a few 10* ergs~!, as derived in Section 4.1), with
the amount of kinetic power provided by the SFR quoted above. We
used Starburst99 (Leitherer et al. 1999, 2014) to calculate the stellar
plus SN kinetic power resulting from continuous star formation.
Assuming a Kroupa initial mass function (Kroupa 2001), stellar
evolutionary tracks from the Geneva code (Ekstrom et al. 2012), and
a metallicity Z=0.014, we obtain that Py, ~ 4.0 x 10*' x SFR erg
s™! (where SFR is in units of M yr~"). Thus, without assistance
from an AGN jet, using only the stellar plus SN kinetic power, we
need an SFR ~1 M yr~!. This is an order of magnitude higher
than the value of SFR ~0.1 M yr~' derived earlier from the FIR
luminosity (Alatalo et al. 2016).

4.2.2 Evidence in favour of an AGN jet contribution

Our case for a recently active AGN jet rests on two observational
results derived in our study. The first result is the morphology of
the large-scale radio emission, and of the associated structures seen
in Ho and X-rays. We have shown that the radio emission has a
peculiar spatial distribution, with arcs, a jet-like spur connecting
the nucleus with the inner arc, and a large bipolar bubble, extended
well beyond the region of current star formation. The second result
is the energetics of the shock-ionized gas in the arcs and bubble,
which requires an order of magnitude more power than available
from current star formation, as discussed in Section 4.2.1; the SFR
cannot have changed significantly over the lifetime of the bubble

(a few Myr). Therefore, we agree with Alatalo et al. (2016) that
nuclear star formation plays a dominant role for the radio flux in the
inner region (~100 pc). However, we argue that an additional AGN
jet component is consistent with the data and may be responsible
for the kpc-scale shock-ionized bubble/arc structure and for the
apparent spur of radio emission extending southward of the nucleus
in the VLA and e-MERLIN images. We suggest that the extended
radio-continuum features revealed for the first time in this work are
related to past epochs of AGN activity.

High resolution radio studies using e-MERLIN and VLBI have
already shown that outflows and jets are common in nearby low-
luminosity AGN (e.g. Krips et al. 2007; Giroletti & Panessa 2009);
the peculiar structure of the radio, X-ray and optical emission in
NGC 5195 makes it an ideal case for studies of the large-scale
effects of a jet on the ISM even in galaxies where the nuclear
activity is currently very low. Kpc-scale bubbles with radio and X-
ray emission (and in some cases also optical line emission) have
been discovered around the nuclei of early-type galaxies such as
Centaurus A (Kraft et al. 2003; Croston et al. 2009), NGC 3801
(Croston, Kraft & Hardcastle 2007), Markarian 6 (Mingo et al.
2011), as well as spiral galaxies such as NGC 6764 (Croston et al.
2008); typical jet powers in those galaxies are ~10*'-10*? ergs~!.
In some cases, starburst power and jet power may contribute a
similar amount of power, as is thought to be the case in the spiral
galaxy NGC 3079 (Cecil, Bland-Hawthorn & Veilleux 2002; Shafi
etal. 2015), which has a bubble morphology and energy very similar
to what we find in NGC 5195. At smaller scales, a kinetic power
~10%-10* ergs~! has been inferred for several super-Eddington
ULXs (Pakull et al. 2006, 2010), which produce shock-ionized
bubbles with a characteristic size of ~100-300 pc.

Notice that so far we have estimated the possible AGN contribu-
tion from the indirectly inferred kinetic power of the bubble, rather
than from the directly observed flux of the kpc-scale radio syn-
chrotron emission. This is because non-thermal synchrotron emis-
sion is not a reliable proxy for jet power: the relation between kinetic
power and synchrotron emission is poorly constrained and model
dependent, function of (among other things) external density, mag-
netic field configuration, dissipation of energy along the jet path,
and fraction of kinetic energy carried by protons and non-relativistic
electrons (Merloni & Heinz 2007; Birzan et al. 2008; Cavagnolo
et al. 2010; Broderick & Fender 2011; Godfrey & Shabala 2016).
For low-power AGN in the sample of Cavagnolo et al. (2010), a
jet power ~10*! erg s~! can correspond to 1.4-GHz synchrotron lu-
minosities between ~10°° and ~10% erg s~!. However, even this
loose correlation has to be taken with great caution, because (as
discussed by Godfrey & Shabala 2016) the observed sample is af-
fected by Malmquist bias (Malmquist 1922), with both quantities
correlating with the distances to the sources.

Alternatively, we compare the inferred power and observed ra-
dio luminosity of the AGN jet in NGC 5195 with those estimated
for large optical and radio bubbles around ULXs (Pakull & Miri-
oni 2002). A kinetic power ~10* ergs~! was inferred for some
sources with non-thermal radio luminosities between ~10%* and
A2 x 10% ergs~! (Urquhart et al. 2018). Scaled up to a mechanical
power of afew 10*' ergs™' (with L, 4 oc P, typical of synchrotron
emission), this corresponds to expected luminosities between ~10%
and a few 10*¢ ergs™!.

As we mentioned in Section 4.2.1, the 1.4-GHz flux density from
the central region of NGC 5195 reported by the SINGS survey (Ken-
nicutt et al. 2003; Braun et al. 2007) is 17 mly, corresponding to
a luminosity ~2 x 10%® ergs™!; in our VLA observations (Table 3),
we have split this component into a core contribution (=11 mJy) and
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a spur feature (*7 mly). The total 1.4-GHz flux density (including
the newly discovered outer arcs and bubble) measured in our study
is ~39mly, corresponding to ~4 x 10*®ergs~! (Table 3). Thus,
we suggest that about 30 per cent of the total synchrotron radio lu-
minosity (mostly in the nuclear region) is due to star formation, and
the rest (from the extended features) is the result of the interaction
of the nuclear jet with the ISM. In summary, the jet-powered com-
ponent of the radio luminosity is consistent with what we expect
from the analogy of jet-driven ULX bubbles mentioned above.

4.3 Current activity of the supermassive BH

4.3.1 Constraints from radio observations

The EVN non-detection of a pc-scale radio core in 2011 sug-
gests that a steady nuclear jet (if present) currently has very low
power. For a flat spectrum, the flux density upper limit of 132 pJy
(Section 3.2) corresponds to a limit to its 8.6-GHz luminosity of
Lsscrz < 8.7 x 10** ergs™!. Using the conversion between radio
core luminosity and jet power from Kording, Fender & Migliari
(2006) (or the equivalent relation from Heinz & Grimm 2005),
we infer a current limit to the jet power, Py < 1 x 10" ergs™!,
and the mass accretion rate of the nuclear BH, M <10% gsh
Using instead the alternative relation between observed radio lu-
minosity and kinetic power in low-luminosity AGN, from Mer-
loni & Heinz (2007), we obtain an even stronger upper limit
Pt $1 x 10% ergs™'. Thus, the current jet power is at least a few
times lower than the average value required to inflate the bubble
over the last few Myr.

At slightly larger scales, our e-MERLIN detection of a 0.3-mlJy,
optically thin compact core with an upper size limit of 1.3 pc is
consistent with very recent nuclear jet activity. We suggest that the
e-MERLIN optically thin core is evidence that NGC 5195 shows
signs of episodic AGN activity, and harbours a recently re-ignited
jetted AGN, with rapidly expanding, transient ejections rather than
a self-absorbed steady jet. This scenario is similar to what has
been found with VLBI observations in the ULX Holmberg II X-1,
characterized by a spatially resolved, optically thin, adiabatically
cooling core (Cseh et al. 2015), and possibly also in the other ULX
IC342 X-1 (Marlowe et al. 2014). It was suggested (Cseh et al.
2015) that the synchrotron radio and shock-ionized optical bubbles
around some ULXs may be inflated by flaring ejections rather than
a steady jet. We speculate that the same scenario may work in
NGC 5195, which shows a radio/optical/X-ray bubble remarkably
similar to those found around several ULXSs, although a factor of 10
larger in linear size. The estimates of the kinematic power presented
in Section 4.1 only provide long-term-average values and cannot tell
the difference between a series of flaring ejections and a steady jet.
Flaring ejections are also more likely to lose collimation and transfer
their kinetic energy to entrained ISM baryons closer to the nuclear
region, consistent with the lack of hot spots in the arc region.

Moving further away from the nuclear BH, we have already noted
that most of the optically thin radio emission detected by e-MERLIN
and the VLA around the nuclear position on ~10-100 pc scales is
consistent with local star formation and with the FIR emission.
However, the presence of an elongated feature in the e-MERLIN
C-band image, roughly aligned with the north—south spur in the
VLA images and with the major axis of the kpc bubble structure,
may be a jet signature, and suggests that even at those intermediate
scales, some of the radio emission is caused by recent episodes of
increased jet activity.

Jets, arcs and shocks in NGC 5195 2887

4.3.2 Constraints from X-ray observations

In order to compare the estimated jet power with the observed X-ray
luminosity, we need to determine the mass of the nuclear BH. We
do so by using the Mgy-o relation, knowing that the central veloc-
ity dispersion o = (127.4 & 4.9)kms~!, from the Hyperleda data
base. There are several alternative versions of the M—o relation in the
published literature, leading to slightly different estimates. From the
best-fitting relation to the sample of 21 barred galaxies in Graham
& Scott (2013), we estimate log (Mpy/ M) = 6.9 with a scatter of
0.4 dex; from the fit to the whole sample of 72 galaxies in the same
paper (Graham & Scott 2013), we obtain log (Mgn/ M) = 7.0 with
the same scatter. From the Mpy-o relation in van den Bosch (2016),
we obtain instead log (Mgu/ M) = 7.3 with a scatter of 0.5 dex.
Given the scatter in the relation, we adopt a mass Mgy = 107 Mg
for the rest of this Section. By inserting the BH mass and the current
upper limit to the 5-GHz core radio luminosity into the Fundamental
Plane relation of Plotkin et al. (2012), we obtain an upper limit to the
0.5-10keV luminosity of the AGN: Los_o < 1.3 x 10® ergs™!
~107"Lggq. This value is similar to the observed X-ray luminosity
of the (partially resolved) source closest to the position of the e-
MERLIN radio nucleus (Lgs_jo ~ 1.2 x 10*® ergs™'; Section 3.4).
Therefore, we conclude that the observed radio and X-ray luminosi-
ties of the supermassive BH are self-consistent, and confirm that the
current level of AGN activity is very low.

As discussed in Section 3.4, the nuclear X-ray emission
within ~200 pc contains also a thermal-plasma component with
Linek. 03— 10 ~ 1.6 x 10®%ergs™!, after accounting for intrinsic
absorption. By comparing with the Lx—SFR relation of Mineo,
Gilfanov & Sunyaev (2012a), we infer that such luminosity is ex-
pected for an SFR of ~0.02 M yr~'. Analogous relations between
SFR and diffuse hot gas luminosity were also extensively studied by
(Smith et al. 2018) for a sample of merging or interacting galaxies:
from their results, we confirm that the observed thermal plasma lu-
minosity in the nucleus of NGC 5195 requires an SFR of ~0.02
Mg yr~'. Several other studies of the relation between diffuse
X-ray luminosity and SFR (Ranalli, Comastri & Setti 2003; Persic &
Rephaeli 2007; Kaaret & Alonso-Herrero 2008; Lehmer et al. 2010)
confirm this estimate, with mutual discrepancies within a factor of
2. The SFR inferred for NGC 5195 is 20.08 Mo yr~! (as discussed
in Section 4.2.1) but a more constraining upper limit for the nuclear
SFR is ~0.05 Mg yr~! estimated within ~800 pc (Alatalo et al.
2016, rescaled to our assumed distance). From our HST measure-
ment of the intrinsic H o luminosity in the inner 200 pc (Section
3.3), using the standard conversion between Ho luminosity and
SFR (Kennicutt 1998), we estimate an SFR ~0.01-0.02 M yr~!
in that small region, in agreement with the thermal-plasma X-ray
luminosity.

4.3.3 Constraints from high-ionization lines

As an aside, we can re-examine the detection of a [NeV]
line at 14.32 pwm, in the nuclear region, with a flux of
(2.0 £ 0.6) x 1075 erg cm™2s~! (Goulding & Alexander 2009);
this corresponds to a luminosity of ~1.5 x 10*7 ergs™!, about
10 per cent of the H # luminosity from the same region. If the line
is entirely due to X-ray photoionization, the empirical relations be-
tween the [Ne V] flux, the [O I1I] flux, and the continuum luminosity
in AGN (Lamastra et al. 2009; Goulding & Alexander 2009) sug-
gest that a 2-10keV luminosity Lx &~ 5 x 10* ergs~! is required
to ionize the gas: an order of magnitude higher than the current nu-
clear X-ray luminosity. If the [Ne V] line is due to shock-ionization
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(including the shock precursor flux), it points to shock velocities
2>500kms~! in the nuclear region (Allen et al. 2008). A more ac-
tive nuclear BH in recent epochs (over a recombination time-scale)
and fast shocks from a nuclear jet are both consistent with the jet
bubble scenario outlined in our paper.

5 SUMMARY AND CONCLUSIONS

The interacting galaxy NGC 5195 has undoubtedly seen a lot of
energy injected into its ISM from the central region. As previously
reported (Alatalo et al. 2016), the radio emission from the nuclear
region within ~100 pc is non-thermal synchrotron emission with an
integrated flux that is marginally consistent with (although slightly
higher than) what is expected from star formation alone. However,
in this work we have identified extended low-surface brightness
features in the radio-continuum, which point to previous episodes
of jetted AGN activity. We have mapped such features by combin-
ing EVN data at pc-scale resolution, e-MERLIN data at ~10-pc
resolution, and VLA data at ~100-1000 pc scales. We have shown
that such radio structures are associated with arcs of X-ray emit-
ting plasma, and with filaments of shocked gas (traced by H « line
emission).

The nuclear region is surrounded by a kpc-scale bubble-like struc-
ture, with a bipolar shape; it extends about 1.7 kpc on the southern
side, and more than 3 kpc (in the radio) on the northern side. Emis-
sion features are stronger on the southern side of the bubble, possibly
because of the higher ISM density towards the much bigger com-
panion galaxy NGC 5194; however, the outlines of the northern side
of the bubble are also clearly seen in X-rays, optical, and radio. The
bubble size and structure favour the jet over the starburst interpre-
tation. The bipolar shape of several structures (in particular the H o
emission) is consistent with an outflow expanding preferentially
along a north—south direction, rather than in a spherically symmet-
ric way. If at the origin of this baryonic outflow there is a nuclear jet,
it is likely that it interacts with the surrounding medium and trans-
fers kinetic energy already close to the nucleus, as is the case in
low-power AGN. From the size and expansion velocity of the kpc-
scale bubble, and from the Balmer line emission of the recombining
gas, we estimated an average kinetic power ~3-6 x 10* ergs~!,
injected over the last few Myr.

We did not detect a flat-spectrum core at VLBI scale (beam
size 0.38 x 0.22pc), down to an upper limit of 0.13 mJy (EVN
observation taken in 2011 November). This is an order of mag-
nitude lower than the long-term average power inferred from the
extended radio/optical/X-ray structures. One scenario is that the nu-
clear BH does not have a steady jet (identified by a self-absorbed
flat-spectrum core), and is instead characterized by off states and
periodic episodes of jetted AGN activity. The current low radio lumi-
nosity of the supermassive BH is self-consistent (via fundamental-
plane relations) with its low X-ray luminosity (10 ergs™"), in-
ferred from Chandra observations. Most of the X-ray emission in
the inner ~100 pc is due to a few X-ray binaries and diffuse hot
gas; in particular, the observed luminosity of the thermal plasma
component in the nuclear region is consistent with the SFR inferred
from the FIR and H « measurements.

In conclusion, we suggest that NGC 5195 is a very interesting test
case for physical models of moderately powerful AGN jets, such
that most of their kinetic energy is transferred to the circumnuclear
ISM within a kpc scale, forming arcs, bubbles, and filaments of
shocked gas in the ambient medium. It is also a test case for the
time-scale of jet variability, and for the duty cycle of AGN phases
in normal galaxies.
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