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ABSTRACT
We present high-sensitivity eMERLIN radio images of the Seyfert galaxy NGC 4151 at
1.51 GHz. We compare the new eMERLIN images to those from archival MERLIN observa-
tions in 1993 to determine the change in jet morphology in the 22 yr between observations.
We report an increase by almost a factor of 2 in the peak �ux density of the central core
component, C4, thought to host the black hole, but a probable decrease in some other compo-
nents, possibly due to adiabatic expansion. The core �ux increase indicates an active galactic
nucleus (AGN) that is currently active and feeding the jet. We detect no signi�cant motion in
22 yr between C4 and the component C3, which is unresolved in the eMERLIN image. We
present a spectral index image made within the 512 MHz band of the 1.51 GHz observations.
The spectrum of the core, C4, is �atter than that of other components further out in the jet.
We use HST emission-line images (H �, [O III] and [O II]) to study the connection between
the jet and the emission-line region. Based on the changing emission-line ratios away
from the core and comparison with the eMERLIN radio jet, we conclude that photoion-
ization from the central AGN is responsible for the observed emission-line properties further
than 4 arcsec (360 pc) from the core, C4. Within this region, a body of evidence (radio-line
co-spatiality, low [O III]/H � and estimated fast shocks) suggests additional ionization from the
jet.

Key words: galaxies: active � galaxies: individual: NGC 4151 � galaxies: jets � galaxies:
nuclei � quasars: emission lines � galaxies: Seyfert.

1 INTRODUCTION

At the centre of every galaxy is thought to lie a super-massive black
hole (SMBH) (Magorrian et al. 1998; Ferrarese & Merritt 2000;
Gebhardt et al. 2000). Broad-band emission from SMBHs is ob-
served from the X-ray through to the radio regime. When they ac-
crete matter, they turn into active galactic nuclei (AGN) (Ho 2008).
Most of the AGN in the local Universe are radio-quiet, de�ned by
Terashima & Wilson (2003) as those where the logarithm of the
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ratio of the radio (5 GHz) to X-ray (2�10 keV) luminosity, denoted
log(RX), is � �4.5. Kilo-parsec radio jets are seen in such AGN
(Condon 1987; Ulvestad 2003; Ghisellini, Haardt & Matt 2004).
Radio variability has been detected in the nuclei of some such
AGN, e.g. Wrobel (2000); Mundell et al. (2009) though not in oth-
ers, e.g. Jones et al. (2011), Jones, McHardy & Maccarone (2017).
However temporal studies of larger scale jets in radio-quiet AGN
are rare due to their intrinsic radio weakness. Thus, changes in jet
morphology that might indicate jet motion or regions of particle
acceleration cannot be measured. One exception is the jet in the
well-known Seyfert 1.5 NGC 4151. It is one of the brightest AGN
in the sky in X-rays (Gursky et al. 1971; Boksenberg et al. 1995;

C� 2017 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

Downloaded from https://academic.oup.com/mnras/article-abstract/472/4/3842/4097195
by inaf user
on 29 November 2017

mailto:D.R.A.Williams@soton.ac.uk


Radio jets in NGC 4151 3843

Figure 1. Naturally weighted archival MERLIN image of the central,
4 × 2 arcsec2 (�360 × 180 pc2) radio structures of NGC 4151, re-reduced
with the MERLIN pipeline. The FWHM of the restoring beam was set to
0.15 × 0.15 arcsec2 (14 × 14 pc2) and the entire uv-range with all eight
antennas in the MERLIN array was used to produce this image in AIPS. For
consistency, the contours are the same as �g. 2 in M95: 1.5, 2, 3, 4, 5, 6, 7,
8, 9, 10, 15, 20, 25 and 30 mJy beam�1. The naming conventions are shown
above with Carral et al. (1990) nomenclature in blue and the Ulvestad et al.
(2005) nomenclature in red.

Ogle et al. 2000; Wang et al. 2010, 2011b) and the radio-brightest
of the radio-quiet AGN (Zdziarski, Poutanen & Johnson 2000). As
such, it is a great probe of the intermediate regime of radio-loudness
to explore the mechanisms of jet propagation through the interstel-
lar medium (ISM). NGC 4151 is a nearly face-on (i � 21�) barred
spiral galaxy. It has one of the most precise distance measurements
of an AGN to date, due to dust-parallax measurements, of 19 Mpc
(H¤onig et al. 2014). This corresponds to an angular scale of �91 pc
arcsec�1.

NGC 4151 has been extensively studied in the radio for sev-
eral decades (Booler, Pedlar & Davies 1982; Johnston et al. 1982;
Wilson & Ulvestad 1982; Harrison et al. 1986; Carral, Turner
& Ho 1990; Pedlar et al. 1993; Mundell et al. 1995; Ulvestad
et al. 1998; Mundell et al. 2003; Ulvestad et al. 2005). The radio
structure is characterized by a double-sided jet at PA � 77� extend-
ing from a nucleus with VLBI centre at �J2000 = 12h 10m 32.m5758
and �J2000 = +39d 24m 21.s060 (Ulvestad et al. 2005). Archival
VLA/MERLIN observations (Carral et al. 1990; Pedlar et al. 1993;
Mundell et al. 1995) detect six radio components along this structure
named C1 to C6 with the naming convention going from west to east.
Further resolved components were discovered with VLBA/VLBI
images by Ulvestad et al. (2005), who renamed the components
A to I (Fig. 1). Throughout this paper, we shall use the original
C1�C6 nomenclature, unless speci�ed otherwise. The core radio
component (named C4) is co-incident with the optical nucleus in
Mundell et al. (1995) (hereafter referred to as M95), leading to its
identi�cation as the AGN. Here, we present deep 1.51-GHz obser-
vations with the upgraded eMERLIN radio interferometer allowing,
by comparison with M95, study of changes in the jet morphology
over a 22-yr period.

With the exception of the decommissioning of the Wardle (Mk III)
antenna, the con�guration of eMERLIN is identical to that of MER-
LIN, providing an angular resolution of 150 mas at 1.5 GHz. The
bandwidth of eMERLIN is wider than that of MERLIN, leading to
improved uv-coverage. The eMERLIN observations of NGC 4151
were made as part of the Legacy eMERLIN Multi-band Imaging of
Nearby Galaxies Survey (LeMMINGs; Beswick et al. 2014). LeM-
MINGS is the second largest of the eMERLIN legacy surveys and
consists of observations of all 280 galaxies above � � 20� from the
Palomar sample of nearby galaxies (Filippenko & Sargent 1985;

Figure 2. Full observed uv-plane of NGC 4151 at 1.5 GHz, using the LeM-
MINGs (eMERLIN) deep data with all seven antennas included.

Ho, Filippenko & Sargent 1995, 1997a,d,e, 2003; Ho et al. 1997b,c,
2009).

A number of observers (Perez et al. 1989; Evans et al. 1993;
Robinson et al. 1994; Boksenberg et al. 1995; Winge et al. 1997;
Hutchings et al. 1998, 1999; Winge et al. 1999; Kaiser et al. 2000;
Kraemer, Schmitt & Crenshaw 2008) have shown optical emission-
line images of the nuclear regions of NGC 4151. Whilst it is gen-
erally agreed that photoionization from the AGN is an important
contributor to the ionization, the importance of the radio jet is not
so clear. Here, by combining the eMERLIN image with HST H �,
[O II] and [O III] images, we explore the contribution of the jet in
more detail.

In Section 2, we present the eMERLIN observations and data
reduction. In Section 3, we discuss morphological changes between
the present image and the previous MERLIN image. In Section 4,
we discuss the relationship between the radio jet and the optical line
emission region, and we summarize our conclusions in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

2.1 eMERLIN data reduction

Observations of NGC 4151 were performed at L band (weighted
central frequency of 1.51 GHz) with the eMERLIN array as part
of the LeMMINGs deep sample. This subsample consists of a
small number of galaxies for which particularly deep observa-
tions have been taken including NGC 4151 (this paper), IC 10
(Westcott et al. 2017), NGC 5322 (Dullo et al., in prepara-
tion) and NGC 6217 (Williams et al., in preparation). All seven
antennas in the array participated in the observation on 2015
April 29, including the Lovell telescope. NGC 4151 was observed
on-source for 3.81 h with data reduction and imaging follow-
ing the steps outlined in the eMERLIN cookbook and pipeline
(Belles et al. 2015; Argo 2015) with AIPS (Wells 1985). The
full uv-plane of the eMERLIN observations is shown in Fig. 2.
The observational set-up used a total bandwidth of 512 MHz,
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Figure 3. New full-resolution eMERLIN image of the central 4 × 2 arcsec2 (�360 × 180 pc2) region of NGC 4151 using all seven eMERLIN antennas and a
natural weighting. As in Fig. 1, the entire uv-range was used with a 0.15 × 0.15 arcsec2 FWHM restoring beam. Contours set are at �0.25, 0.75, 1, 1.5, 2, 3,
4, 5, 9, 16, 25, 36, 49 and 64 mJy beam�1.

centred on 1.51 GHz. The 512-MHz band was split into eight in-
termediate frequencies (IFs) of width 64 MHz and consisting of
128 channels in each IF. The calibrator NVSS J120922+411941
(J1209+4119) was used for phase referencing, and OQ208 and
3C286 were used as the band pass and �ux calibrators, respectively.
The target and phase calibrator alternated during the observing run,
with blocks of approximately 2.5 min on the phase calibrator and
7 min on the target, with the �ux and band pass calibrators observed
at the end of the observing run.

To calibrate the data, we followed the procedure outlined in the
eMERLIN cookbook (Belles et al. 2015), a summary of which we
include below. Correlation and averaging of the data was performed
before the SERPENT1 �agging code was used to remove the worst
instances of radio frequency interference (RFI) from the data. The
raw data were then inspected with the AIPS tasks SPFLG and IBLED to
remove any low-level RFI not picked up by the automatic �agger. In
addition to the RFI �agging, the �rst two IFs of the LL polarization
were �agged on all Lovell baselines due to the inclusion of a test
�lter on the antenna. The channels showing no coherent phase at the
ends of each IF were also �agged. It is estimated that approximately
15 per cent of the on-source data was �agged during this process
and further calibration rounds before the �nal images were made.

To begin the calibration procedures, we �tted the offsets in de-
lays using the AIPS task FRING before calibrating for phase and gain.
Band pass solutions were also calculated with BPASS and applied fol-
lowed by imaging of the phase calibrator, which was self-calibrated
until solutions converged. The complex antenna solutions from self-
calibration of the phase calibrator were then applied to the target
�eld.

1 The SERPENT �agging code (Peck & Fenech 2013) is written in
PARSELTONGUE (Kettenis et al. 2006).

2.1.1 eMERLIN Radio Imaging

These data were imaged with IMAGR, and phase self-calibration was
applied to further re�ne the data before the visibilities were re-
weighted using REWAY to account for variable sensitivity as a func-
tion of antenna, as eMERLIN comprises of an inhomogeneous set
of antenna types, frequency and time to maximize the resultant
sensitivity of the data. Further self-calibration improved the signal-
to-noise ratio (S/N), and the �nal image was created with the noise
in the naturally weighted image of 35 µJy as shown in Fig. 3. Due
to the complex nature of this source and its brightness, great care
was taken to include only real features deemed to be genuine emis-
sion features in the self-calibration process. An amplitude and phase
self-calibration did not produce stable phases or amplitudes, so only
the �nal phase self-calibrated data are shown. This data set was then
used to create all further images of NGC 4151.

2.1.2 Archival MERLIN data reduction and imaging

Archival data originally published in M95 were re-reduced to com-
pute accurate positions and �ux density measurements to compare
to the new eMERLIN data set. NGC 4151 was observed in 1993
November at 1.42 GHz. The MERLIN data were calibrated with
the MERLIN pipeline2 in AIPS and re-imaged to account for RFI, al-
ter the beam size and re-weight the data. As the data were originally
taken in spectral line imaging mode to study the neutral hydrogen
absorption in NGC 4151 (see M95), to create a continuum image we
�agged all channels that were contaminated by this line to ensure
the �ux measurements on the core component C4 were not affected
by this absorption feature. The amount of on-source time was 9.8 h,
achieving an rms noise of 0.25 mJy beam�1. We thus see the large

2 www.merlin.ac.uk/archive/
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