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ABSTRACT
We map the gas excitation and kinematics, and the stellar population properties of the Seyfert 1
galaxy NGC 5548 using Gemini Near Infrared Integral Field Spectrograph in the J and K bands
at a spatial and velocity resolution of 105 pc and 45 km s−1, respectively. Emission-line flux
distributions in ionized and molecular gas extend up to ≈400 pc from the nucleus, where
they are found to peak. The mass of H II is 4.8±0.6 × 106 M� and the mass of warm H2

is 1.1±0.2 × 103 M�, while the mass of cold H2 is estimated as 5.8±1.2 × 108 M�. The
Pa β emission shows two kinematic components: one in blueshift, with velocity reaching
≈−300 km s−1 and another showing a velocity field characteristic of rotation in the galaxy
plane. The blueshifted component is also observed in the coronal line [S IX]λ1.2523 µm, while
the rotational component is also observed in the molecular gas. We interpret this velocity field
as due to gas rotating in the galaxy plane plus an outflow, and estimate a mass outflow rate of
6.8±0.75 M� yr−1. Spectral synthesis of the continuum shows nuclear emission dominated
by a featureless AGN continuum combined with hot dust emission attributed to a dusty torus.
The stellar population is dominated by an old (2 Gyr < t ≤ 15 Gyr) component between 160
and 300 pc, while closer to the nucleus, an intermediate age (50 Myr < t ≤ 2 Gyr) component
contributes at levels ranging from ≈40 per cent to ≈100 per cent to the flux at 2.12 µm.

Key words: galaxies: active – galaxies: individual: NGC 5548 – galaxies: kinematics and
dynamics – galaxies: nuclei – galaxies: Seyfert.

1 IN T RO D U C T I O N

The study of the narrow-line region of nearby active galactic nuclei
(AGN) allows the mapping of the processes of feeding of a nuclear
supermassive black hole – via gas inflows (e.g. Fathi et al. 2006;
Storchi-Bergmann et al. 2007; Davies et al. 2009; Müller Sánchez
et al. 2009; Schnorr Müller et al. 2011) and its feedback – via the
interaction of the AGN radiation and outflows with the circum-
nuclear gas, affecting its kinematics and excitation (Wilson et al.
1993; Schmitt & Kinney 1996; Veilleux, Goodrich & Wilson 1997;
Ferruit, Wilson & Mulchaey 2000; Veilleux, Cecil & Bland-
Hawthorn 2005; Holt et al. 2006; Crenshaw & Kraemer 2007;
Crenshaw et al. 2009, 2010; Fischer et al. 2010; Müller-Sánchez
et al. 2011).

Our group, AGN integral field spectroscopy, has been mapping
the feeding and feedback processes in nearby AGN using near-
infrared (NIR) integral field spectroscopic observations mostly with
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the instrument Near Infrared Integral Field Spectrograph (NIFS) at
the Gemini North Telescope. Studies in the NIR have the advan-
tage of being less affected by dust obscuration, allowing also the
observation of the properties of the molecular gas.

The main findings of our group so far have been that the molec-
ular gas- traced by K-band H2 emission, and the ionized gas traced
by H I recombination lines and [Fe II] emission, present distinct
flux distributions and kinematics. Usually, the H2 emitting gas is re-
stricted to the plane of the galaxy, while the ionized gas extends also
to high latitudes and is associated with the radio emission, when
present (Riffel et al. 2006, 2008, 2009a, 2011b; Storchi-Bergmann
et al. 2009, 2010; Riffel, Storchi-Bergmann & Nagar 2010a). The
kinematics of the ionized gas, and in particular of the [Fe II] emit-
ting gas shows, in many cases (but not always), a strong outflowing
component associated with radio jets from the AGN, while the H2

kinematics is usually dominated by rotation, including streaming
motions towards the nucleus. Davies et al. (2009), using the instru-
ment SINFONI (Spectrograph for Integral Field Observations in the
Near Infrared) at the Very Large Telescope, found similar results
– molecular gas inflows towards the nucleus of NGC 1097, while
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Müller Sánchez et al. (2009) mapped similar inflows feeding and
obscuring the active nucleus of NGC 1068. Müller-Sánchez et al.
(2011) mapped outflows in ionized gas around seven AGN, and
Davies et al. (2014) analysed molecular and ionized gas inflows
and outflows in five active galaxies, both also using SINFONI.

In this study, we present the gaseous distribution, excitation,
kinematics, and stellar population (SP) distribution of the inner
≈500 pc radius of the Seyfert 1.5 galaxy NGC 5548 (Mrk 1509),
a spiral galaxy (S0/a) at a distance of 79.1 Mpc, where 1.0 arcsec
corresponds to 384 parsecs at the galaxy.

This paper is organized as follows: in Section 2, we describe
the observations and data reduction procedures. The results are
presented in Section 3 and discussed in Section 4. We present our
conclusions in Section 5.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations of the inner region of NGC 5548 were obtained with
the instrument NIFS (McGregor et al. 2003) using the Gemini North
Adaptive Optics system ALTAIR, in 2012 July under the programme
GN-2012A-Q-57. The exposures followed the standard Sky-Object-
Object-Sky dither sequence and were obtained in the J band using
the J_G5603 grating and ZJ_G0601 filter, and in the Kl band using
the Kl_G5607 grating and HK_G0603 filter.

On-source and sky position observations were both obtained with
individual exposure times of 450 s. Two sets of observations were
obtained: the first, in the J band, was centred at 1.25 µm and covered
the spectral range 1.14–1.36 µm, and the second, in the Kl band,
was centred at 2.3 µm and covered the spectral range 2.10–2.53 µm.
The total on source exposure was 90 min (45 min in each band).

The data reduction procedure included trimming of the images,
flat-fielding, sky subtraction, wavelength and spatial distortion cali-
brations. We also removed the telluric bands and flux calibrated the
frames by interpolating a blackbody function to the spectrum of the
telluric standard star. These procedures were executed using tasks
contained in the NIFS software package which is part of GEMINI IRAF

package, as well as generic IRAF tasks.
The final integral field unit (IFU) data cube for each band contains

≈4000 spectra, with each spectrum corresponding to an angular
coverage of 0.05 arcsec × 0.05 arcsec, which translates into ≈20 ×
20 pc2 at the galaxy and covering the inner 3.0 arcsec × 3.0 arcsec
(≈1.1 × 1.1 kpc2) of the galaxy.

We have replaced each spatial pixel by the median of its value and
that of its first eight neighbours as well as we used the Butterworth
filter (Riffel et al. 2016) to increase the signal-to-noise (S/N) ratio
and allow the fitting of the emission-line profiles. The full width
at half-maximum (FWHM) of the arc lamp lines in the J band is
1.65 Å, corresponding in velocity space to 40 km s−1, while in the
Kl band the FWHM of the arc lamp lines is 3.45Å, corresponding
to 45 km s−1. The angular resolution in J band obtained from the
FWHM of the spatial profile of the flux distribution of the broad
component of the Pa β is 0.28 arcsec corresponding to 105 pc
at the galaxy. The spatial resolution in the Kl band is 0.2 arcsec,
corresponding to 75 pc at the galaxy and was obtained from the
profile of the nuclear source which is dominated by the contribution
of the unresolved AGN.

3 R ESULTS

In the top-left panel of Fig. 1, we show a z-band image of NGC 5548
obtained from the SDSS (Sloan Digital Sky Survey; Baillard et al.
2011). In the top-right panel, we present an optical image of

NGC 5548 obtained with HST (Hubble Space Telescope) through
the filter F606W (Malkan, Gorjian & Tam 1998). In the bottom pan-
els, we display in the left a J-band continuum image constructed by
collapsing the spectra within a 100 Å window centred at 1.23 µm,
and in the right a K-band continuum image centred at 2.22 µm. In
Fig. 2, we present two IFU spectra integrated within 0.25 arcsec ×
0.25 arcsec aperture. One of them is at the nucleus and the other at
0.4 arcsec south-east of it (position A), which was randomly chosen
just to present a characteristic extranuclear spectrum. The nucleus
was defined to be the location of the peak of the continuum.

3.1 Emission-line flux distributions

In order to map the flux distributions as well as the centroid velocity
and velocity dispersion of the emission lines observed in the J and
K bands ([P II]λ1.1886 µm, [S IX]λ1.2523 µm, [Fe II]λ1.2570 µm,
Pa βλ1.2822 µm and H2λ2.1218 µm), we have used the PROFIT rou-
tine (Riffel 2010) to fit the profiles at each pixel over the whole
field-of-view. The integrated flux, centroid velocity and velocity
dispersion values were obtained by the fit of the emission-line pro-
files using both Gaussian and Gauss–Hermite (GH) series. The Pa β

emission line needed to be fitted with a broad component and this
was made using a modified PROFIT routine in three steps: (i) fit two
Gaussians to the broad component; (ii) subtract it from the spectra
where it is present, and (iii) fit the narrow component.

The narrow component of Pa β emission-line profile was also
fitted with two Gaussians because at many locations it shows two
peaks. In Fig. 3, we show the fits of the broad and narrow com-
ponents for the central pixel (peak of the continuum in J band) to
demonstrate the need of a two-component fit for Pa β. The remain-
ing lines were fitted with a single component of GH series. We do
not show the GH moments h3 and h4 because they are very noisy,
not adding relevant information.

In Fig. 4, we present the flux distribution maps for all the lines
fitted. We have masked out the bad fits (using the relative χ2 param-
eter of the fit, which is an output from the PROFIT routine) and regions
with S/N ratio lower than 3. All maps have their peak fluxes at the
same position, which coincides with the peak of the continuum and
is adopted as the position of the nucleus.

The [P II]λ1.1886 µm and [S IX]λ1.2523 µm flux distributions are
very compact, reaching ≈0.4 arcsec from the nucleus in all direc-
tions. The flux distribution of these two coronal lines are thus barely
resolved, extending to ≈150 pc from the nucleus, which is typi-
cal for coronal lines (e.g. Rodrı́guez-Ardila et al. 2006; Mazzalay,
Rodrı́guez-Ardila & Komossa 2010; Riffel et al. 2011b; Schönell
et al. 2014). The [Fe II]λ1.2570 µm flux distribution is more ex-
tended than the coronal lines, reaching almost 0.6 arcsec (230 pc)
in all directions.

The blue component of Pa β is extended in all directions up to
≈0.8 arcsec (≈300 pc) (region with S/N ≥ 3) and is the brightest
among the observed lines.

We have concluded that the Pa β has two components only within
0.8 arcsec (≈300 pc) from the nucleus. Beyond this region, a good
fit is obtained with a single GH component. Therefore, we combined
the fluxes of the red component from the inner region with the single
GH component from the surrounding region, which extents up to
≈1.2 arcsec (≈500 pc) from the nucleus.

The H2 line is the only Kl band line that we were able to fit due
to the low S/N ratio (S/N < 3) of the other lines present there. The
H2 flux is extended in all directions reaching ≈0.6 arcsec (≈230)
from the nucleus.
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Figure 1. Images of NGC 5548. Top-left panel: SDSS z-band image centred at 8932 Å (Baillard et al. 2011) in arbitrary flux units. Top-right panel: HST
optical image obtained through the filter F606W (Malkan et al. 1998). Botton-left panel: 1.23 µm continuum image obtained from the NIFS data cube with
fluxes shown in logarithmic units of 10−17 erg s−1 cm2. Bottom-Right panel: 2.22 µm continuum image obtained from the NIFS data cube with fluxes shown
in logarithmic units of 10−17 erg s−1 cm2.The label N marks the position of the continuum peak and the label A marks the extranuclear position where the
spectra of Fig. 2 was obtained.

3.2 Gas kinematics

The PROFIT routine (Riffel 2010) also provides the centroid velocity
(v), velocity dispersion (σ ) and higher order GH moments (h3 and
h4), that can be used to map the gas kinematics. In Fig. 5, we present
the centroid velocity fields after subtraction of the heliocentric sys-
temic velocity of 5160 ± 10 km s−1, which was obtained through
a model fitted to the H2 velocity field and will be discussed in the
next section. The white regions in the figures represent locations
where the S/N ratio was too low for a reliable fit.

In Fig. 5 we can see the [P II] velocity field with low cen-
troid velocities, most of them close to zero reaching no more than
≈60 km s−1. The [S IX] velocity field is entirely blueshifted, reach-
ing up to −250 km s−1 in most regions. The [Fe II] velocity field is
similar to that of [P II]. The Pa β velocity field for the blue com-
ponent shows velocities in the range −250 to −100 km s−1, while
the red component shows a rotation pattern, with blueshifts to the
south-east and redshifts to the north-west. The H2 velocity field also
presents a rotation pattern, similar to that of the red component of
Pa β.

Fig. 6 shows the velocity dispersion maps for the same lines as
for the velocity fields. The σ map for the [P II] shows most values
close to ≈100 km s−1, reaching ≈130 km s−1 to the west, while
the [S IX] σ map is noisier showing values close to 200 km s−1.
The [Fe II] σ map has values ranging from ≈50 to ≈125 km s−1

with the higher values closer to the nucleus. The blue component of
Pa β shows an increase in the σ values around the nucleus of up to
200 km s−1 just to the south of the nucleus (≈0.3 arcsec – 105 pc).

The red component of Pa β shows lower values of σ , in the range
50–120 km s−1). The H2 map shows lower values of σ , in the range
50–100 km s−1.

3.3 Channel maps

We have constructed channel maps along the emission-line profiles,
but as most emission lines are barely resolved and do not have much
kinematic information, we show only the H2λ2.1218 µm channel
maps in Fig. 7. The panels in the figure show the flux in logarithmic
units integrated in velocity bins centred at the velocity shown in
the top-left corner of each panel (relative to the systemic velocity
of the galaxy). The central cross marks the position of the nucleus.
The velocity bins are 30 km s−1 (corresponding to 1 spectral pixel)
for all panels except the first and last panels, integrated in bins of
100 km s−1 (corresponding to 3 spectral pixels). The maps show
blueshifts of up to −143 km s−1 to the south-east and redshifts of
up to 128 km s−1 to the north-west. For velocities close to zero the
flux distribution is more compact, reaching only 0.6 arcsec (230 pc)
with no preferential direction.

3.4 Stellar population synthesis

In this subsection, for the first time, we map the SP properties within
the inner 1.5 arcsec (≈600 pc) at a spatial resolution of ≈105 pc
of a Seyfert 1 galaxy NGC 5548 derived from the NIR spectra. In
order to do this, we simultaneously fit the stellar continuum of the
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Figure 2. Spectra obtained with an aperture of 0.25 arcsec × 0.25 arcsec centred at the nucleus and at 0.4 arcsec south-east from it (position A, marked in
Fig. 1). Flux units: 10−17 erg s−1 cm−2 Å−1.

Figure 3. Left-hand panel: fit of the broad Pa β component with two Gaussians. Right-hand panel: fit of the narrow component also with two Gaussians.

J and K bands applying the method described in Riffel et al. (2009b)
as follows.

Using the STARLIGHT code (Cid Fernandes et al. 2004, 2005, 2009;
Asari et al. 2007; Mateus et al. 2011), we performed the SP synthe-
sis. The code uses computational techniques originally developed
for semi-empirical population synthesis with ingredients from evo-
lutionary synthesis models (Cid Fernandes et al. 2004, 2005) to fit
the whole spectrum, excluding emission lines and spurious data. To
summarize, an observed spectrum (Oλ) is fitted with a combination,
in different proportions, of N∗ simple stellar populations (SSPs).
Maraston (2005) provides the evolutionary population synthesis
(EPS) models used here. The extinction of the SSPs is parametrized
by the v-band extinction Av and modelled by STARLIGHT as due to
foreground dust, and the extinction law used was Cardelli, Clayton

& Mathis (1989). The code solves the following equation to model
a spectrum Mλ:

Mλ = Mλ0

N∗∑
j=1

xjbj,λrλ

⊗
G(v∗, σ∗), (1)

where x is the population vector, whose components xj (j = 1,...,
N∗) represent the fractional contribution of each SSP in the base to
the total synthetic flux at λ0. The spectrum of the jth SSP of the base
of elements normalized at λ0 is represented by bj, λ, the reddening
term is given by rλ = 10−0.4(Aλ–Aλ0), Mλ0 is the synthetic flux at the
normalization wavelength,

⊗
represents the convolution operator

and G(v∗, σ∗) gives the Gaussian distribution used to model the
line-of-sight stellar motions, that has a dispersion σ∗, centred at a
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Figure 4. Emission-line flux distributions. The flux units are 10−17 erg s−1 cm−2 Å−1.

Figure 5. Centroid velocity fields for the [P II]λ1.1886 µm (top-left), [S IX]λ1.2523 µm (top-middle), [Fe II]λ1.2570 µm components (top-right), Pa β blue
component (bottom-left), Pa β red component (bottom-middle), H2λ2.1218 µm (bottom-right). The central cross marks the position of the nucleus. The colour
bars show the velocities in units of km s−1.
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Figure 6. σ maps for the same emission lines of Fig. 5. The central cross marks the position of the nucleus. The colour bars show the σ values in units of
km s−1.

velocity v∗. For the NIR the values of σ∗ cannot be derived with
precision due the low spectral resolution of the EPS models, ergo,
we do not use them. By minimizing the following equation we get
the final fit

χ2 =
∑

λ

[(Oλ − Mλ)ωλ]2, (2)

with spurious features and emission lines being excluded from the
fit by fixing ωλ = 0.

The best fit for the observed spectrum should have the ideal base
set of SSPs, since it should cover the range of spectral properties
observed in the galaxy sample (Cid Fernandes et al. 2005) and pro-
vide enough resolution in age and metalicity. A library of integrated
spectra of star clusters is a good base set, since they depend only
on ages and metallicities of the stars being free from any assump-
tions on stellar evolution and initial mass function (Bica & Alloin
1986; Riffel et al. 2011a). So far, though, there is no such library
available in the literature for the NIR spectral region. To get around
this problem, we used the base set of theoretical SSPs covering
this spectral region of Maraston (2005). The NIR carries finger-
prints from evolved stars (Riffel et al. 2007; Ramos Almeida, Pérez
Garcı́a & Acosta-Pulido 2009; Martins et al. 2013) and these are
crucial to model the absorption line spectra of the galaxies. They
include empirical spectra of C- and O-rich stars and thus, are able
to predict these features. The base comprises SSP synthetic spectra
covering ages from 1 to 15 Gyr according to a grid of 67 models with
four metallicities. The final base set comprises 31 ages, t = 0.0010,
0.0030, 0.0035, 0.0040, 0.0050, 0.0055, 0.0060, 0.0065, 0.0070,
0.0075, 0.0080, 0.0085, 0.0090, 0.010, 0.015, 0.020, 0.025, 0.030,
0.050, 0.080, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8, 1,1.5, 2, 3, and 13 Gyr, and

four metallicities, Z = 0.02, 0.5, 1, and 2 Z�, with a final set of 124
SSPs.

We also included blackbody functions for temperatures in the
range of 700–1400 K in steps of 100 K (Riffel et al. 2009b) and
a power law (Fν ∝ ν−1.5) in order to account for possible black-
body contributions from dust emission (BB) and from featureless
continuum (FC), respectively, at the nucleus.

The resulting maps for the spectral synthesis are shown in Figs 8
and 9. Following Riffel et al. (2010b), we have binned the con-
tribution of the SSPs into a reduced population vector with only
three components that we call SPC (stellar population component)
comprising three age ranges: young (xy, t ≤ 50 Myr); intermediate
(xi, 50 Myr < t ≤ 2 Gyr) and old (xo, 2 Gyr < t ≤ 15 Gyr). In Fig. 8,
we show the spatial distribution of the per cent flux contribution of
each stellar component at 2.12 µm. In the top panels, we show the
light-fraction of the SPC contributions and in the bottom panel the
mass fraction contributions. Regarding the BB components, shown
in Fig. 9 we have grouped them into a cold (BBc, 700 < T < 1000)
and hot (BBh, 1000 < T < 1400) component.

The old SP flux contribution xo dominates in a ring of radius
≈0.6 arcsec (230 pc), and in mass the ring extends inwards down to
0.3 arcsec (115 pc) from the nucleus, except for a small region to the
east-southeast (E-SE) where the intermediate age component domi-
nates. The largest contribution of the intermediate age SP xi in light
is observed between 0.3 arcsec (115 pc) and 0.5 arcsec (190 pc) and
ranges from 40 to 100 per cent, the maximum contribution observed
to the E-SE, where it also dominates the contribution in mass, as
pointed out above. There is just a small contribution of young SP
in light beyond the ring of old SP and around the nucleus (within
0.3 arcsec/115 pc).
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Figure 7. Channel maps along the H2 emission-line profile, centred at the velocity shown in the upper-left corner of each panel in km s−1. The cross marks
the position of the nucleus.

Figure 8. Spatial distributions of the per cent contribution of each SPC to the flux at λ = 2.12 µm (xj) (top panels) and to the mass (mj) (bottom panels),
where j represents the age of the SPC: young (t ≤ 50 Myr); intermediate (50 Myr < t ≤ 2 Gyr) and old (2 Gyr < t ≤ 15 Gyr).

MNRAS 464, 1771–1782 (2017)
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Figure 9. From left to right: spatial distribution of the cold dust emission (BBc, 0 K < T < 1000 K); the hot dust emission (BBh, 1000 K < T < 1400 K) and
of the featureless continuum, FC.

In Fig. 9, we show the contributions of the BB and FC compo-
nents. They are observed only at the nucleus and are essentially unre-
solved, with contributions reaching up to 20 per cent (±10 per cent)
for both the hot (BBh) and cold (BBc) components and reaching up
to 80 per cent (±10 per cent) for the FC.

4 D ISCUSSION

4.1 Flux distributions and masses of ionized and molecular gas

The flux distribution is only barely resolved for [P II], [S IX], and
[Fe II] emission lines, being more extended for Pa β and H2, where
it reaches 500 pc and 230 pc, respectively, from the nucleus, for a
limiting S/N ratio ≈3. We have used the latter two to calculate the
masses of the ionized and molecular gas within the inner 1×1 kpc.

The mass of ionized gas in the inner 1×1 kpc of the galaxy can
be estimated using (e.g. Scoville et al. 1982; Riffel et al. 2008;
Storchi-Bergmann et al. 2009; Schönell et al. 2014)

MH II ≈ 5.1 × 1016

(
FPa β

erg s−1cm−2

) (
D

Mpc

)2

[M�], (3)

where, FPa β is the integrated flux for the Pa β emission line and D
is the distance to NGC 5548. We have assumed an electron temper-
ature T = 104 K and electron density Ne = 100 cm−3 (Osterbrock
& Ferland 2006).

The mass of warm molecular gas can be obtained using (Scoville
et al. 1982)

MH2 ≈ 5.0776 × 1013

(
FH2λ2.1218

erg s−1cm−2

) (
D

Mpc

)2

[M�], (4)

where FH2λ2.1218 is the integrated flux for the H2λ2.1218 µm emis-
sion line and we have used the vibrational temperature T = 2000 K
(Riffel et al. 2008, 2010b; Storchi-Bergmann et al. 2009; Schönell
et al. 2014).

Integrating over the whole IFU field, we obtain the following
values for the masses: MH II = 4.8±0.6 × 106 M� and MH2 =
1.1±0.2 × 103 M�, which are similar to those we have obtained in
previous studies for other Seyfert galaxies, which are in the range
0.1 × 106 M� ≤ MH II ≤ 1.7 × 106 M� (Riffel et al. 2010a; Diniz
et al. 2015) and 66 M� ≤ MH2 ≤ 3300 M� (Riffel et al. 2008,
2010a), respectively.

The mass of molecular gas is thus 103 times smaller than that of
the ionized gas but, as discussed in Storchi-Bergmann et al. (2009),
this H2 mass represents only that of warm gas emitting in the NIR.
The total mass of molecular gas is dominated by the cold gas, and
the usual proxy to estimate the cold H2 mass has been the CO

emission. A number of studies have derived the ratio between the
cold and warm H2 gas masses by comparing the masses obtained
using the CO and NIR emission. Dale et al. (2005) obtained ratios
in the range 105–107; using a larger sample of 16 luminous and ul-
traluminous infrared galaxies, Müller-Sánchez et al. (2006) derived
a ratio Mcold/Mwarm = 1–5× 106. More recently, Mazzalay et al.
(2013) compiled from the literature values of Mcold derived from
CO observations and H2 2.12 µm luminosities for a larger number
of galaxies, covering a wider range of luminosities, morphological,
and nuclear activity types. From that, an estimate of the cold H2 gas
mass can be obtained from

MH2 cold ≈ 1174

(
LH2λ2.1218

L�

)
, (5)

where LH2λ2.1218 is the luminosity of the H22.12 µm line. The re-
sulting mass value is MH2 cold = 5.8±1.2 × 108 M�.

In order to compare the masses obtained here with those of our
previous studies of other galaxies, over different field-of-views,
we have also calculated the mass surface density of the ionized
and molecular gas distributions. Table 1 shows the integrated mass
values, corresponding areas and resulting mass surface densities for
NGC 5548 in comparison to those of previous studies by our group.
Considering the extents of the flux distributions down to S/N ≈3, the
surface densities in ionized and total (warm + cold) molecular gas
in NGC 5548 are 7.2±0.8 and 3473±700 M� pc−2, respectively.
These values agree with those found in our previous studies, which
range from 1.4 to 125 M� pc−2 for the mass surface density of
ionized gas and 384 to 9600 M� pc−2 for the mass surface density
of molecular gas as we can see in Table 1.

4.2 Gaseous kinematics

In Fig. 5 we show the centroid velocity fields of the observed emis-
sion lines, where the [P II]λ1.1886 µm and [Fe II]λ1.125 70 µm
compact (barely resolved) velocity fields show values close to zero,
while the [SIX]λ1.2523 µm velocity field is also compact but is all
blueshifted to ≈−300 km s−1. The velocity field of Pa β is more
extended showing two components: one is all blueshifted, up to
−400 km s−1, and the other one shows a rotation pattern, similar to
the velocity field observed also for H2, which will be discussed in
the following section.

4.2.1 Rotation velocity model

A rotation pattern is observed both for the Pa β red component and
H2 velocity fields (Fig. 5), but that for H2 is more regular, and the
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Table 1. Areas, masses (M) and mass surface densities (μ) for NGC 5548 and previous studied galaxies. The estimated errors are of the order of 20 per cent
in the fluxes, and this propagates to the masses and surface mass densities. References: 1 – This work; 2 – Riffel & Storchi-Bergmann (2011); 3 – Riffel et al.
(2014); 4 – Riffel et al. (2010a); 5 – Diniz et al. (2015); 6 – Riffel, Storchi-Bergmann & Winge (2013); 7 – Riffel et al. (2008); 8 – Storchi-Bergmann et al.
(2009); 9 – Schönell et al. (2014); 10 – Riffel, Storchi-Bergmann & Riffel (2015).

Galaxies Area (H2) Area (H II) M (H2)h M (H2)c M (H II) μ (H2)h μ (H2)c μ (H II) Ref.

NGC 5548 1.7 × 105 6.7 × 105 2.3 × 102 1.7 × 108 2.2 × 106 6.6 × 10− 3 3473 7.2 1
Mrk 1157 2.8 × 105 1.8 × 105 2.3 × 103 1.6 × 109 5.4 × 106 8.2 × 10− 3 5714 45 2
NGC 1068 3.8 × 104 1.5 × 104 29 2 × 107 2.2 × 104 7.6 × 10− 4 526 1.5 3
Mrk 1066 2.5 × 105 1.9 × 105 3.3 × 103 2.4 × 109 1.7 × 107 1.3 × 10− 2 9600 89 4
NGC 2110 1.1 × 105 7 × 104 1.4 × 103 9.9 × 108 1.7 × 106 1.3 × 10− 2 9000 24 5
Mrk 79 9.8 × 105 7.8 × 105 3 × 103 2.2 × 109 7 × 106 3.1 × 10− 3 2245 9 6
NGC 4051 1.3 × 104 1.4 × 104 66 4.7 × 107 1.4 × 105 5.3 × 10− 3 3760 9.8 7
NGC 4151 2.4 × 104 1.9 × 104 240 1.7 × 108 2.4 × 106 1.8 × 10− 2 7083 125 8
Mrk 766 3 × 105 2.7 × 105 1.3 × 103 9.8 × 108 7.6 × 106 4.3 × 10− 3 3266 28 9
NGC 5929 1.2 × 105 7 × 104 471 3.5 × 108 1.3 × 106 3.9 × 10− 3 2966 18 10

Note. All mass (M) units are in M�, area units in pc2 and the mass surface densities (μ) in M� pc−2.

corresponding velocity dispersions are also lower, supporting that
the H2 is more confined to the galaxy plane (as we have observed
also in previous studies of other galaxies). Aiming to obtain pa-
rameters such as the systemic velocity, orientation of the line of
the nodes and the inclination of the disc, we fitted a rotation model
for the H2 centroid velocity field assuming that the emitting gas is
rotating in a central potential (Barbosa et al. 2006). For this kine-
matic model (van der kruit & Allen 1978; Bertola et al. 1991), it is
assumed that the gas has circular orbits in a plane, and the velocity
field is given by

Vmod(R, 	) =

Vsys + AR cos(	 − 	0) sin θ cosp θ

(R2)(sin2(	 − 	0) + cos2 θ cos2(	 − 	0) + c2
0 cos2 θ )p/2,

(6)

where vsys is the systemic velocity, A is the centroid velocity am-
plitude, 	0 is the major axis position angle, c0 is a concentration
parameter, θ is the angle between the disc plane and the sky plane,
p is a model fitting parameter (which is ≈1 for infinite masses in a
Plummer potential) and R and 	 are the coordinates of each pixel
in the plane of the sky.

In the fit, the location of the kinematical centre was not allowed
to vary, being fixed to the position of the peak of the continuum,
adopted to be the nucleus of the galaxy. In Fig. 10 we show the
centroid velocity field of H2 in the top-left panel, the resulting
model from the fit in the top-right panel and residual maps (centroid
velocity field of the emitting gas – model) in the bottom panels. The
resulting parameters of the fit are: vsys = 5160±52 km s−1, which
is close to the systemic velocity reported in De Vaucouleurs et al.
(1991) that is 5149 km s−1, 	0 = 126◦ being 16◦ higher than the one
quoted in NED (Nasa Extragalactic Database), from a large-scale
continuum image. The H2 discs – observed within the inner 400 pc
– thus seems to follow the orientation of the large scale disc. The fit
also gives an inclination for the disc relative to the plane of the sky
of θ = 10◦. The best model shows a compact velocity curve, peaking
at only ≈200 pc from the nucleus. We have found similarly steep
velocity curves for H2 in our previous studies of active galaxies
(Riffel & Storchi-Bergmann 2011; Schönell et al. 2014). Although
this velocity field seems not very well constrained in the outer parts
(due to the limited coverage of the H2 velocity field), the residual
map for H2 shows that at most locations the deviations from the
model are smaller than ≈40 km s−1. The residuals for the Pa β

velocity field are larger, and could be due to the presence of other
components and/or a less steep velocity field for this line as we
found also in our previous studies of other galaxies.

4.2.2 Mass outflow rate

The blueshift observed in the Pa β emission line can be interpreted
as due to an outflow and can be used to estimate the gas mass
outflow rate. We have assumed a conical geometry in which we
considered a possible range for the height (h) of the cone between
1.0 arcsec (384 pc) to 2.0 arcsec (768 pc) – under the assumption
that the height of the cone is of the order of the diameter of its base,
as we cannot observe this height.

With this range of heights we have the resulting opening angles of
≈27.◦5, and ≈53◦. The outflow is thus calculated at a distance from
the nucleus of 1.0 arcsec and 2.0 arcsec, through a circular area of
radius r = 0.5 arcsec estimated from Fig. 5. The mass outflow rate
can then be estimated by

Ṁout = mp Ne v f A (7)

and the filling factor (f) can be obtained from

f = LPa β

jPa β V
, (8)

where mp is the proton mass, Ne the electron density, v is velocity
of the outflowing gas and LPa β and jPa β are the luminosity and
the emission coefficient of Pa β, respectively (Riffel et al. 2011b;
Schönell et al. 2014), and the volume of the outflowing region is
v = A×(h/3).

We have assumed that Ne = 500 cm−3 and measured LPa β =
3.89±0.43 × 1039 erg s−1, for jPa β = 4.07 × 10−22 erg cm−3 s−1

(Osterbrock & Ferland 2006) and vout = 280 km s−1. The value
for the velocity of the outflow (v = 280 km s−1) was obtained as
the average velocity of the blueshifted component of Pa β. With
the geometry described above we obtain Ṁout = 9±1 M� yr−1 for
h = 1.0 arcsec and Ṁout = 4.5±0.5 M� yr−1 for h = 2.0 arcsec.
The values found here for Ṁout are somewhat larger than those we
have found in our previous studies of other Seyfert galaxies but are
in good agreement with those found in Veilleux et al. (2005) for
outflows observed in other active galaxies, which range from 0.1 to
10 M� yr−1, as well as with those found by Müller-Sánchez et al.
(2011), which range from 2.5 to 120 M� yr−1.
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Figure 10. Top panels: H2 velocity field and fitted rotating disc model; bottom panels: residual maps between the observed velocity fields of H2 and Pa β and
the model.

To estimate the kinetic power of the outflow we can use the
following relation (Storchi-Bergmann et al. 2010; Schönell et al.
2014):

Ė ≈ Ṁout

2
(v2 + σ 2), (9)

where v is the velocity of the outflowing gas and σ is its velocity
dispersion. Using σ ≈ 130 km s−1 and v = 280 km s−1, we obtain
Ė ≈ 2.1 × 1041 erg s−1. The value found for Ė is in good agreement
with those found for Seyfert galaxies and compact radio sources
(Morganti, Tadhunter & Oosterloo 2005). This value is similar to
that obtained for Mrk 1157 (Riffel & Storchi-Bergmann 2011), of
Ė ≈ 5.7 × 1041 erg s−1 and for Mrk 766 (Schönell et al. 2014), of
Ė ≈ 2.9 × 1041 erg s−1, it is also within the range of those found by
Müller-Sánchez et al. (2011), between 0.6 and 50 × 1041 erg s−1. To
compare the Ė value with the bolometric luminosity, we estimate the
latter as 10 times the X-ray luminosity of 5.1× 1042 erg s−1 (Rivers,
Markowitz & Rothschild 2011), resulting in Ė ≈ 0.004 LBol. This
value is about the one quoted in galaxy evolution simulations by Di
Matteo, Springel & Hernquist (2005) and Hopkins & Elvis (2010)
– 0.5 per cent LBol – as the necessary power of the outflow to have
a significant impact on the evolution of the galaxy.

4.3 Stellar population

From the spectral synthesis we conclude that, at the unresolved
nucleus (within ≈0.2 arcsec), the main components contributing to
the continuum flux in the NIR are the featureless contribution from
the AGN (≈70 per cent) followed by the blackbody components
– 20 per cent for both the hot (BBh) and cold (BBc) that can be
attributed to the dusty torus. Some minor contribution in flux from
the young stellar component (≈10 per cent) was also found there.

Moving outwards, in a ring extending from 0.2 arcsec (80 pc) to
0.5 arcsec (190 pc) there is a ≈50 per cent contribution in flux from

the intermediate age component that increases to almost 100 per cent
in flux and also in mass in a patch to the E-SE of the nucleus. The
rest is contributed by the old component that dominates outward
from the ring, both in flux and mass.

In general, our results for the SP synthesis are similar to those
of our previous works (Riffel et al. 2011b; Storchi-Bergmann et al.
2012) in other Seyfert galaxies, where we have found 100–300 pc
circumnuclear rings with increased contribution of young to inter-
mediate age SP.

Results from other authors also support the presence of young to
intermediate age stellar populations in circumnuclear rings around
AGN. In Davies et al. (2007), for example, the authors investigated
the star formation history in the circumnuclear region of a sample of
nine Seyfert galaxies using the SINFONI NIR integral field spec-
trograph with adaptive optics at the Very Large Telescope. With
measurements of the Br γ emission-line equivalent widths, super-
nova rates and mass-to-light ratios, they found circumnuclear discs
of typical diameters of tens of pc with a ‘characteristic’ age in the
range 10–300 Myr, corresponding closely to our ‘intermediate’ age
range, therefore agreeing with our results.

5 C O N C L U S I O N S

We have mapped the gas flux distribution, excitation, and kinemat-
ics as well as the SP from the inner ≈500 pc radius of the Seyfert
1 galaxy NGC 5548 using NIR J- and K-band integral field spec-
troscopy. The conclusions of this work are listed below.

(i) The emission-line flux distributions of [P II], [S IX], and [Fe II]
are barely resolved, extending to ≈150 pc from the nucleus.

(ii) The emission-line flux distributions of Pa β and H2 are more
extended, reaching up to ≈450 pc and ≈300 pc from the nucleus,
respectively, observed only in blueshift, at ≈300 km s−1, as due to
an outflow approximately perpendicular to the plane of the sky.
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(iii) The Pa β emission line has a second component observed in
blueshift within ≈300 pc from the nucleus, with velocities ranging
from −100 to −400 km s−1. The [S IX] emission is observed only
in blueshift , at ≈−300 km s−1. These components have been inter-
preted as due to an outflow oriented approximately perpendicularly
to the plane of the sky.

(iv) The mass outflow rate in ionized gas is estimated to be
≈6.8±0.75 M� yr−1.

(v) The power of the outflow is 0.4 per cent LBol, which is of
the order of the minimum necessary to significantly influence (by
pushing gas out of the galaxy) the evolution of the galaxy.

(vi) The velocity fields of H2 and the red component of Pa β

show a rotation pattern.
(vii) Fitting a rotation model to the H2 velocity field, we derived

a systemic velocity for the galaxy of 5160±52 km s−1.
(viii) The mass of ionized gas is MH II = 4.8±0.6 × 106 M�;
(ix) The mass of the hot molecular gas is MH2 = 1.1±0.2 × 103

M� and the estimated cold molecular gas mass is MH2 = 5.8±1.2
× 108 M�.

(x) The surface densities in ionized and cold molecular gas are
7.2±0.8 and 3473±700 M� pc−2, respectively.

(xi) Spectral synthesis of the continuum reveals that, at the nu-
cleus, a featureless power-law continuum dominates the flux, with
some contribution from blackbody components attributed to a dusty
torus and a minor contribution from a young SP.

(xii) Outwards from the nucleus, an intermediate age compo-
nent contributes with ≈40 per cent in flux in a ring extending from
0.2 arcsec (80 pc) to 0.5 arcsec (190 pc) with an increased contri-
bution in a patch to the E-SE that reaches almost 100 per cent both
in flux and in mass, while the remainder contribution is attributed
to the old component that dominates also outwards.
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A., Sodré L., Schoenell W., Gomes J. M., 2007, MNRAS, 381, 263

Barbosa F. K. B., Storchi-Bergmann T., Cid Fernandes R., Winge C., Schmitt
H., 2006, MNRAS, 371, 170

Barillard A. et al., 2011, A&A, 532, 74
Bertola F., Bettoni D., Danziger J., Sadler E., Sparke L., de Zeeuw T., 1991,

ApJ, 373, 369
Bica E., Alloin D., 1986, A&A, 162, 21
Cardelli J. A., Clayton G. C., Mathis J. S., 1989, ApJ, 345, 245
Cid Fernandes R., Gu Q., Melnick J., Terlevich E., Terlevich R., Kunth D.,

Rodrigues Lacerda R., Joguet B., 2004, MNRAS, 355, 273
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Tzioumis A., Inskip K. J., 2006, MNRAS, 370, 1633
Hopkins P. F., Elvis M., 2010, MNRAS, 401, 7
McGregor P. J. et al., 2003, in Iye M., Moorwood A. F. M., eds, Proc.

SPIE Conf. Ser. Vol. 4841, Instrument Design and Performance for
Optical/Infrared Ground-based Telescopes. SPIE, Bellingham, p. 1581

Malkan M. A., Gorjian V., Tam R., 1998, ApJS, 117, 25
Maraston C., 2005, MNRAS, 362, 799
Martins L. P., Rodrı́guez-Ardila A., Diniz S., Riffel R., de Souza R., 2013,

MNRAS, 435, 2861
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