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ABSTRACT

We study the ionization and kinematics of the ionized gas in the nuclear region of the barred Seyfert 2 galaxy NGC 5643 using MUSE
integral �eld observations in the framework of the Measuring Active Galactic Nuclei Under MUSE Microscope (MAGNUM) survey.
The data were used to identify regions with di� erent ionization conditions and to map the gas density and the dust extinction. We
�nd evidence for a double-sided ionization cone, possibly collimated by a dusty structure surrounding the nucleus. At the center of
the ionization cone, out�owing ionized gas is revealed as a blueshifted, asymmetric wing of the [OIII] emission line, up to projected
velocity v10 � � 450 km s� 1. The out�ow is also seen as a di� use, low-luminosity radio and X-ray jet, with similar extension. The
out�owing material points in the direction of two clumps characterized by prominent line emission with spectra typical of HII regions,
located at the edge of the dust lane of the bar. We propose that the star formation in the clumps is due to positive feedback induced by
gas compression by the nuclear out�ow, providing the �rst candidate for out�ow-induced star formation in a Seyfert-like, radio-quiet
AGN. This suggests that positive feedback may be a relevant mechanism in shaping the black hole-host galaxy coevolution.
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1. Introduction

Active galactic nuclei (AGN) have a profound in�uence on their
host galaxies, as they are capable of ionizing large fractions of
the interstellar medium (ISM) and of accelerating fast out�ows.
These are powerful enough both to sweep away most of the gas
in the ISM and to heat the gas in the surrounding halo, inhibiting
gas accretion (“negative feedback”, see Fabian et al. 2012 and
references therein). Fast out�ows could also induce star forma-
tion (“positive feedback”) in the pressure compressed molecular
clouds (e.g., Silk et al. 2013) or in the out�owing gas (Ishibashi
& Fabian 2012, 2014; Zubovas & King 2014).

Although this “positive feedback” has been invoked in re-
cent years by several theoretical works to explain observed

? This work is based on observations made at the European Southern
Observatory, Paranal, Chile (ESO program 60.A-9339).

correlations between, e.g., AGN luminosities and nuclear star
formation rates (Imanishi et al. 2011; Zinn et al. 2013; Zubovas
et al. 2013), black hole accretion and star formation rates in
AGN (Silverman et al. 2009; Mullaney et al. 2012; Silk 2013), or
downsizing of both black holes and spheroids (Silk & Norman
2009). Still very few observations of these phenomenon at work
have been argued for, mostly related to spatial alignment of star-
forming regions or companionion galaxies with very powerful
radio jets (e.g., Kramer et al. 2004; Croft et al. 2006; Elbaz et al.
2009; Feain et al. 2007; Crockett et al. 2012; Salomé, Salomé &
Combes 2015). The only known example of positive feedback
at high-z in a radio-quiet AGN has recently been presented by
Cresci et al. 2015, who detected star-forming clumps in the host
galaxy of az � 1:6 quasar, possibly triggered by the out�ow
pressure at its edges, with near-IR Integral Field observations.
However, we are still lacking observations of positive feedback
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Fig. 1. Galaxy NGC 5643. Panela) three-color (blue:B band; green:V band; red:I band) image of the galaxy obtained with the 2.5 m du Pont
Telescope for the Carnegie-Irvine Galaxy Survey (CGS, Ho et al. 2011). The MUSE �eld of view is shown with a white square. North is up and
east is left. Panelb) three colors MUSE map, showing H� emission in blue, [OIII]� 5007 emission in red, and the integrated continuum emission
from 5200 to 6000 Å in green. The tip of the dust lane in the bar, visible on larger scale in Panel a, is evident next to the blue clump east of
the nucleus as a gap in the continuum emission. Panelc) three-color MUSE maps, showing H� in blue and [OIII]� 5007 in red as before, and
[NII] � 6584 emission in green. The two-sided AGN ionization cone traced by the �lamentary [OIII] emission is prominent, as well as the strongly
H� emitting clumps between the two eastern lobes of the cone. North is up and east is left.

at lower AGN luminosity and out�ow energy, which would con-
tribute to the understanding of its importance in normal AGNs.

In this paper we present observations of the nuclear region
of NGC 5643, a barred, radio-quiet Seyfert 2 galaxy at a dis-
tance of� 17.3 Mpc seen almost face on (i � � 27 � 5 deg, de
Vaucouleurs et al. 1976), with a well-known ionization cone ex-
tending eastward of the nucleus, parallel to the bar (Schmitt et al.
1994; Simpson et al. 1997; Fischer et al. 2013). A three-color
image (B;V; I bands) from the Carnegie-Irvine Galaxy Survey
(CGS, Ho et al. 2011) is shown in panela of Fig. 1. As usually
observed in barred spiral galaxies, sharp, straight dust lanes ex-
tend from the sides of the central nucleus out to the end of the
bar, roughly parallel to its major axis and is more clearly visi-
ble to the east of the nucleus. The galaxy is also known to host
a di� use, low-luminosity radio jet on both sides of the nucleus,
which is nearly 3000 long (2.5 kpc, Leipski et al. 2006; Morris
et al. 1985).

This galaxy was observed with the Multi Unit Spectroscopic
Explorer (MUSE), the optical large-�eld, integral-�eld

spectrometer at the Very Large Telescope (VLT; Bacon et al.
2010), as part of the science veri�cation run in the frame-
work of the Measuring Active Galactic Nuclei Under MUSE
Microscope (MAGNUM) survey. This program aimed at the
observation of nearby AGNs to study the physical conditions of
the narrow line regions (NLRs), the interplay between nuclear
activity and star formation, and the e� ects and acceleration
mechanisms of out�ows.

In the following, we adopt the systemic velocity mea-
sured by Koribalski et al. 2004, 1199 km s� 1. We use
H0 = 69:6 km s� 1 Mpc� 1 and
 M = 0:286 (Hinshaw et al. 2013).
At the distance of the galaxy of 17.3 Mpc, the angular scale
is 100= 83 pc.

2. Observations, data reduction, and analysis

NGC 5643 was observed with MUSE during the science ver-
i�cation run on June 24, 2014, under program 60.A-9339
(PI Marconi/Hawthorn/Salvato). The average seeing during the
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observations, derived directly from foreground stars in the �nal
datacube, wasFWHM = 0:8800� 0:0200. The nuclear region of
the galaxy was observed with four dithered pointings of 500 s
each, with the sky sampled with four shorter 100 s exposures in
between. The data reduction was performed using recipes from
the early-release MUSE pipeline (version 0.18.1, Weilbacher
et al. 2014), as well as a collection of custom IDL codes de-
veloped to improve the sky subtraction, response curve, and �ux
calibration of the data. Further details on the data reduction will
be provided in a forthcoming paper (Carniani et al., in prep.).
The �nal datacube consists of 315� 315 spaxels, for a total of
almost 100 000 spectra with a spatial sampling of 0:200 � 0:200

and a spectral resolution from 1750 at 465 nm to 3750 at 930 nm.
Moreover, NGC 5643 was observed in the X-rays by the

ChandraObservatory on December 26, 2004, for 7.5 ks with
the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al.
2003). Data were reduced with theChandraInteractive Analysis
of Observations 4.5 (CIAO; Fruscione et al. 2006) and the
ChandraCalibration Data Base 4.6.5, adopting standard proce-
dures. The imaging analysis was performed by applying a factor
of 2 subpixel event repositioning to increase the spatial reso-
lution (e.g., Wang et al. 2011). We therefore used a pixel size
of 0:24600, instead of the native 0:49500.

2.1. Modeling the stellar continuum and emission lines

In the presence of young- or intermediate-age stellar popula-
tions, which present intense Balmer absorption (e.g., EW(H� )
can reach up to 8 Å), a careful subtraction of the underly-
ing stellar continuum is important to recover the correct emis-
sion line �uxes and pro�les. Although the optimal approach
is to make a simultaneous �t of the stellar continuum and of
the emission lines (see, e.g., Sarzi et al. 2006), with 105 spax-
els and a spectral sampling of 1:25 Å this becomes computa-
tionally infeasible for a MUSE datacube on a standard desktop
computer. On the other hand, considering the intensity of the
emission lines we aim to study here (see next section), we can
obtain su� cient accuracy by �tting the stellar continuum while
avoiding the regions interested by emission lines and then ex-
trapolating the �t over those regions. We use the pPXF code
(Cappellari & Emsellem 2004) to perform this task over the
wavelength range of interest, i.e., shortward of 7000 Å. A linear
non-negative combination of stellar spectral templates is �tted
to the data via adjusting the systemic velocity and the velocity
dispersion together with the coe� cients of the linear combina-
tion. We consider 40 stellar templates from the simple stellar
populations provided by Bruzual & Charlot 2003, distributed in
a grid of ten ages (5.2, 25, 100, 290, 640, 900 Myr, 1.4, 2.5,
5.0, and 11 Gyr) and four metallicities (0.2, 0.4, 1, and 2.5 times
solar). Each spectral template is converted from wavelength to
velocity space as is each observed spectrum. The pPXF iter-
atively adjusts the systemic velocity and the Gaussian veloc-
ity dispersion of each template (this is accomplished with plain
convolution in the velocity space with a Gaussian kernel; veloc-
ity and dispersion are assumed to be common to all component
templates) and computes the coe� cients of the linear combi-
nation of templates that best reproduce the observed spectrum.
The procedure is iterated until the minimum� 2 and the best-
�tting systemic velocity, velocity dispersion, and coe� cients of
the template linear combination are obtained (see Cappellari &
Emsellem 2004, for more details). The template distribution in
age and metallicity allows us to cover virtually any combina-
tion of stellar populations inside a galaxy, including the very

young ages that characterize the star-froming blobs. We mask
regions corresponding to� 750 km s� 1 around the main astro-
physical emission lines and around the Na I absorption at rest
and in the galaxy's rest frame to avoid contamination from the
interstellar absorption. The �t is expected to be de�nitely degen-
erate in terms of the possible linear combinations of SSPs, but
this is irrelevant to our goal: a realistic model of the star forma-
tion history and metallicity distribution is not required to ensure
just an accurate stellar continuum subtraction. We verify that we
obtain an accurate subtraction by comparing the residuals from
the �t with the estimated noise level and �nding them consistent
with each other.

This �tting procedure only produces reliable results if a suf-
�cient signal-to-noise ratio (S/N) in the continuum is provided,
namely>10 per Å. In the original datacube at full resolution this
is only achieved in the brightest parts; for the fainter regions,
we apply an adaptive smoothing procedure, which extends the
adaptsmoothcode (Zibetti 2009a, Zibetti et al. 2009b) to work
with spectral datacubes (azmooth3, Zibetti et al., in prep.). At
each spaxel, the S/N is estimated in a narrow wavelength win-
dow on a featureless continuum of between 6000 and 6050 Å. If
the S/N is lower than the threshold of 20 per spectral pixel, con-
centric annuli of spaxels are coadded iteratively until the S/N
of 20 is reached. No more than ten annuli are coadded at each
position. The smoothed cube warrants su� cient S/N at all spax-
els while preserving the e� ective spatial resolution as much as
possible. The typical smoothing radius (in pixels, 1 pix= 0:200)
varies from 1 (i.e., no smoothing) within 500from the center to
2, 3, and 5 at distances of� 1300, 1800, and 2500, respectively.
Larger smoothing radii are only required in sparse regions, typi-
cally outside 2500. Indeed, most of the analysis presented in this
work is una� ected or marginally a� ected by the smoothing: the
EELR are in fact mostly contained in the no-smoothing zone or
in the two-pixel radius smoothing zone. In any case, the smooth-
ing a� ects scales typically<200in diameter, hence, smaller than
those we investigate in the following. The output is then pro-
cessed with pPXF, as explained above, to produce a pure stellar
continuum cube, stellar velocity, and stellar velocity dispersion
maps.

2.2. Emission line �tting, density, and extinction maps

The obtained stellar continuum is subtracted from the original
data, and the resulting datacube is used for the following analy-
sis. We �t the main emission lines accessible in the MUSE wave-
length range, i.e., H� , [OIII] � 4959, [OIII]� 5007, [OI]� 6300,
[NII] � 6548, H� , [NII] � 6584, [SII]� 6716, [SII]� 6730. To better
reproduce the observed spectral pro�les in the data, we use both
a two Gaussian components �t and a single Gaussian �t to each
line. The �ux obtained with the double Gaussian is used in the
following only for the spaxels where the second component has
aS=N > 3 in the �t, i.e., in the nuclear region where the line pro-
�le is more complex (see Fig. 2). This choice allows us to use
the more degenerate two-components �t only where it is really
needed.

From these �uxes we constructed emission line maps in the
H� [OIII] and [NII] transitions (see Fig. 1b,c). These maps al-
ready clearly indicate that the line-emitting gas presents an elon-
gated morphology, aligned with the bar in the E-W direction.
In the following, we refer to this region as the extended emis-
sion line region (EELR). As reported by Schmitt et al. 1994,
the EELR is elongated both to the E and to the W of the nu-
cleus, although it is much fainter to the W, especially at shorter
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