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CHAPTER 4

A Bar Signature in the Gas Velocity Field of NGC 5448

We present SAURON kinematic maps of the inner kpc of the early-type (Sa) spi-
ral galaxy NGC 5448. The observed morphology and kinematics of the stars is
regular, whereas the emission-line gas is more patchy and perturbed. The stellar
component contains a small inner disk-like system embedded in a large-scale
rotating structure. The gaseous component displays clear departures from cir-
cular motion. We focus on the [O iii] gas velocity field, and adopt a harmonic
decomposition formalism to analyse the gas velocity field. The higher-order
harmonic terms and the main kinematic features of the observed data are con-
sistent with an analytically constructed bar model. The bar model is derived
using linear theory, considering an m = 2 perturbation mode, and with bar pa-
rameters which resemble the large end-on bar detected in imaging. Apart from
the strong kinematic signatures of the bar, we also find the kinematic signature
of lopsidedness in NGC 5448. This illustrates how the harmonic decomposition
formalism can be used as a powerful tool to quantify non-circular motions in
observed velocity fields.

4.1 Introduction

Dynamical studies of spiral galaxies often make the distinction between the bulge and
the disk: the bulge is associated with the hot “spheroidal” component which mainly
contains stars, and the disk is a rapidly rotating thin structure which also contains a
substantial fraction of the total interstellar gas. Line-of-sight velocity distributions are
efficient probes of the dynamical structures of these systems, and can be used to de-
rive the mass distribution, structural properties, and perturbations of the gravitational
potential linked to m = 1 or m = 2 modes, or to external triggers such as interactions.
These can be obtained with classical long-slit spectrography, although it requires a-
priori assumptions for the orientation of the slits. A time-consuming way to obtain
velocity fields through single slits is to spatially scan the galaxy with successive in-
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dividual exposures (Wilkinson et al. 1986; Statler 1994; Ohtani 1995). Integral field
spectrography in the optical (IFS, Afanasiev et al. 1990; Bacon et al. 1995; Davies
et al. 1997; Garcı́a-Lorenzo, Arribas & Mediavilla 2000; Roth, Laux & Heilemann
2000; Bacon et al. 2001; Bershady et al. 2004) was designed to uniformly cover the
field of view which makes it possible to study these systems in a much improved way:
the analysis is not constrained by a priori choices of slit position, and the gaseous and
stellar components can be observed simultaneously. Optical IFS is often used com-
plementarily to H i and Fabry-Perot scanning interferometers, (e.g., van Gorkom et
al. 1986; Plana & Boulesteix 1996; Plana et al. 2000; Fraternali, Oosterloo & San-
cisi 2004) as the latter usually have excellent spatial coverage but a limited spectral
domain, only probing a couple of lines (mostly in emission).

Although circular rotation is the dominant kinematic feature of the disk compo-
nent, previous observational as well as theoretical studies have shown the presence
of non-circular motions in some spiral galaxies (e.g., Freeman 1965; Helfer 1967;
Combes & Gerin 1985; Shlosman, Frank & Begelman 1989; Athanassoula 1994;
Shlosman & Noguchi 1993; Quillen, Walker & Phillips 1994; Mundell & Shone
1999; Moiseev 2000; Zurita et al. 2003; Regan & Teuben 2004; Wong, Blitz &
Bosma 2004). Cold disk-like systems are more prone than bulges to perturbations
and instabilities, the dissipative gaseous component being more responsive than the
stellar component (e.g., Thielheim & Wolff 1982). Perturbations of the gas dynamics
can lead to significant galaxy evolution via, e.g., redistribution of the angular mo-
mentum, triggering of star formation, or building of a central mass concentration.

Bars are potential actors in this context as they can drive mass inwards or out-
wards, and may participate in the complex process which eventually leads to the
fuelling of an active nucleus (e.g., Simkin, Su & Schwarz 1980, Sakamoto, Baker
& Scoville 2000; Alonso-Herrero & Knapen 2001). The presence of large-scale
bars has been correlated with starbursts (Arsenault 1989; Huang et al. 1996; Mar-
tinet & Friedli 1997; Hunt & Malkan 1999) and nuclear rings (Shlosman 1999), but
only weakly if at all with nuclear activity (e.g., Mulchaey & Regan 1997; Knapen et
al. 2000). This may not be so surprising as the fuelling of an active galactic nucleus
(AGN), i.e., gas accretion onto a massive black hole, involves rather small spatial
and short time-scales, so might not be related to the kpc scale bar. Inner small bars
(Shlosman et al. 1989) may sometimes help to link the different spatial scales (Em-
sellem, Goudfrooij & Ferruit 2003), but they probably cannot serve as a universal
mechanism. AGN activity is short-lived and occurs in the central astronomical units
of galaxies, whereas current studies have focused on long-lived phenomena influenc-
ing the central kpc scale.

In order to properly study the influence of a bar on the redistribution of mass in
the central kpc of a galaxy, we need to obtain constraints both on the source of the
underlying gravitational potential and on some tracer of the on-going perturbations.
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This can be achieved by simultaneously studying both the stellar and gas dynam-
ics. We have observed 24 early-type spiral (Sa) galaxies with the SAURON Integral
Field Spectrograph, mounted at the 4.2m William Herschel Telescope of the Obser-
vatorio del Roque de los Muchachos at La Palma (de Zeeuw et al. 2002). Most of
these galaxies are found to have gas velocity fields that strongly deviate from that
of a simple rotating disk. For the present study, we selected a galaxy out of the Sa
SAURON sample which shows a clear sign of the presence of a bar in its photometry
and which has a significant amount of ionised-gas : NGC 5448 was thus chosen as a
representative galaxy with a large-scale bar.

In this paper, we present both the stellar and gas kinematics obtained with SAURON,
and quantify the non-circular gaseous motions in NGC 5448. To this aim, we build
models with elliptical streaming motion and compare the resulting velocity struc-
tures with our observational data, using a harmonic decomposition technique. In
section 4.2, we present our data with relevant details on the data reduction procedure.
Section 4.3 outlines our analysis method of the gas kinematics, which is applied in
section 4.4. In section 4.5, we build a bar model for NGC 5448, and we present and
discuss the corresponding results in sections 4.6 and 4.7.

4.2 The Data

NGC 5448 is a barred Sa active galaxy with prominent irregular dust lanes at different
spatial scales. The RC3 classification of NGC 5448 is (R)SAB(r)a, with inclination
of 64◦, systemic velocity of 1971 km s−1, position angle (PA) of 115◦, and total B-
band magnitude of 11.93. Photometry shows that the large-scale bar is close to end
on, with two well-defined spiral arms emerging near the ends of the bar (Eskridge et
al. 2002). The inner parts of the arms are somewhat patchy and form a broken ring,
the outer parts of the arms being smoother (Sandage & Bedke 1994). This galaxy has
a small bulge, and a nuclear elongated feature of about 10′′ (Fathi & Peletier 2003)
with bluer V − H colour than its surroundings (Carollo et al. 2002). Ho, Filippenko,
& Sargent (1995) classified the nucleus as an AGN: its central aperture spectrum
exhibits a clear broad-line emitting region. Note that Laine et al. (2002) classified
NGC 5448 as a non-Seyfert.

Detailed specifications for the instrument, data, reduction procedure, and the data
preparation procedure can be found in Bacon et al. (2001), de Zeeuw et al. (2002),
and Emsellem et al. (2004). A brief summary of the instrument and data character-
istics are presented in Tab. 4.1. We obtained 4 exposures of 1800 s each, producing
a total of 1431 simultaneous galaxy spectra per frame, together with 146 sky spec-
tra 1′.9 away from the main field. We also observed standard stars to be used for
accurate velocity, flux, and line-strength calibration of our observed galaxy. Wave-
length calibration was done using arc lamp exposures taken before and after each tar-
get exposure. The standard reduction procedure includes bias and dark subtraction,
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Table 4.1: SAURON data characteristics.
Field of View 41′′ × 33′′ / Field
Pixel Size 0.′′8
Instrumental Dispersion 108 km s−1

Spectral Range [4820 - 5280] Å
Spectral Features Hβ, [O iii], [N i], Mgb, Fe5015, Fe5270

overscan correction, spectra extraction, wavelength calibration, flat field correction,
cosmic ray rejection, sky subtraction, and flux correction. The data reduction∗ thus
provides a fully calibrated datacube for each individual exposure. We merged the 4
spatially dithered exposures after a resampling to a common spatial scale of 0.′′8×0.′′8
per pixel, leading to a total of 1973 spectra within our field.

4.2.1 Stellar Kinematics

The signal-to-noise (S/N) ratio of individual spectra varies considerably through-
out the field: in order to homogenise the S/N we applied the Voronoi 2D-binning
technique of Cappellari & Copin (2003) with a floor S/N value of 60, to be able to
derive reliable higher-order moments of the stellar velocity distribution (Emsellem et
al. 2004). Penalised Pixel Fitting (pPXF, Cappellari & Emsellem 2004) was used to
derive the stellar line-of-sight velocity distribution parametrised by a Gauss-Hermite
series up to and including the fourth order (van der Marel & Franx 1993; Gerhard
1993). The fit was performed with an optimal template built with a combination of
stellar templates from Jones (1997) and synthesis spectra taken from Vazdekis (1999)
convolved with the corresponding line-of-sight velocity distribution (see Emsellem et
al. 2004 for details). The derived stellar mean velocity V , mean velocity dispersion
σ, h3, and h4 maps are presented in Fig. 4.1.

4.2.2 Gas Kinematic Maps

At this stage, our applied binning scheme was optimised for the derivation of reliable
stellar kinematics, but is not necessarily well adapted to analyse the emission-line
gas: reliable gas kinematics requires a relatively lower S/N and gas and stars do
not share the same spatial distributions. The bins are therefore often larger than
necessary, implying a loss of spatial information. This is illustrated in the first column
of Fig. 4.2, where the gas velocity map is represented by 183 bin centroids to be
compared to the original spatial 1973 pixels. When comparing with the fourth column
one can see that there is enough signal that reliable gas velocities can be obtained for
910 individual pixels.

∗Data reduction was performed using the XSAURON software package developed at the CRAL (Lyon).
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Figure 4.1: Top Left: Digitised Sky Survey image with SAURON footprint, and one effective
radius (72′′) indicated by the bar at bottom left of the image. Stellar and [O iii] gas flux
maps are given in mag arcsec−2 with arbitrary zero point, and the V , σ, h3, and h4 maps are
scaled according to the colour bars at the top. Stellar kinematic maps are binned using the
Voronoi 2D-binning developed by Cappellari & Copin (2003), whereas the [O iii] gas flux
and kinematic maps are unbinned and trimmed as described in the text. All maps are oriented
such that north is up and east is to the left, with overplotted stellar contours in magnitude
steps of 0.25.

Starting from the spatially-binned pure stellar kinematic information (V , σ, h3,
h4), we assign the stellar kinematic values of each Voronoi bin to all the pixels that
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Figure 4.2: Top row: [O iii] gas velocity V , and Bottom row: gas velocity dispersion σ
for spatially binned maps as well as for individual pixels. The unbinned maps have been
trimmed by removing low A/N pixels. We find that setting the trimming limit to A/N < 3
does not remove all the noise features in the maps, and by examining the individual spectra,
we find that A/N < 5 removes some pixels which have reliable gas kinematics. All pixels
with A/N > 4 deliver reliable gas kinematics. At each step, the number of bins/pixels are
stated at the lower right corner of the velocity maps. The range of levels displayed is the
same as in Fig. 4.1.

it includes. Optimal template fitting is done once again, this time keeping the stellar
model combination fixed, but fitting the continuum only. This step corrects for po-
tential stellar continuum differences within each bin. After subtraction of the optimal
template fits from our original spectra, we obtain pure emission-line spectra. The
strongest emission features in our spectra are Hβ and [O iii], [N i] being sometimes
present but weak (see example spectrum in Fig. 4.3). Throughout this paper our main
focus will be on the [O iii] doublet. We derive the kinematics for this component by
fitting single Gaussians to the corresponding emission-lines (see bottom spectrum in
Fig. 4.3), and obtain velocity and velocity dispersion.

The gas distribution and kinematic maps exhibit some noise. Inspection of the
individual spectra revealed that not all emission-lines imply reliable gas kinematics.
Similar to the S/N determination for the stars, we define an Amplitude-over-Noise
(A/N) for the [O iii] component: the Amplitude is taken as the median of the three
highest pixel values in the emission-line, and the Noise is defined here as the bi-
weight standard deviation of the spectra in spectral regions not contaminated by the
presence of emission-lines (see Fig. 4.3). Setting the A/N floor value to four removes
unreliable kinematical measurements without compromising the field of view of our
maps: this is illustrated in Fig. 4.2, where maps with an A/N threshold of 3, 4 and 5
are presented. We thus conduct our analysis using unbinned gas maps, where all pix-
els with gas A/N < 4 have been expunged. The [O iii] gas component is considered
independently from Hβ and [N i].
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Extraction of Gas Spectra and Gas S/N
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Figure 4.3: Illustration of our method of disentangling stellar and gaseous spectra as well
as calculation of A/N for [O iii] gas. Top: Galaxy spectrum plotted in ln λ together with the
best-fit combination of single stellar populations (Stellar Contribution to the spectrum, which
has been shifted arbitrarily in the vertical direction for illustration purpose). Bottom: Data
- Stellar contribution. Spectral regions where we expect gas emission-lines are shaded. The
[O iii] kinematics are derived by fitting a single Gaussian to the respective lines.

4.3 Analysing Velocity Fields

4.3.1 Simple Rotating Disk

In this section we start with a simple mathematical model, and then add complexity
as required by the observational constraints. In the simplest model, the galactic disk
is purely rotational, has negligible velocity dispersion, and is infinitesimally thin.
Taking into account the effect of projection and the convention that positive line-of-
sight velocities correspond to recession, the line-of-sight velocities Vlos(R) can be
represented by

Vlos(R) = Vsys +Vrot(R) cosψ sin i

+Vrad(R) sinψ sin i

+Vz(R) cos i,

(4.1)

where Vsys is the systemic velocity of the galaxy, Vrot and Vrad are the rotational
and radial velocities, and Vz is the vertical velocity component which we set to zero
throughout this paper. Here, (x, y) are Cartesian coordinates in the plane of the sky
and (R, ψ) are polar coordinates in the plane of the galaxy related to observable polar



116 chapter 4

coordinates r and φ (in the plane of the sky) by⎧⎪⎪⎪⎨⎪⎪⎪⎩
cosψ = −(x−Xcen) sin φ0+(y−Ycen) cos φ0

r ,

sinψ = −(x−Xcen) cos φ0−(y−Ycen) sin φ0
r cos i ,

(4.2)

where Xcen and Ycen are the coordinates for the centre, and i is the inclination of the
galaxy obtained from the isophote at surface brightness level µB = 25.0 B/mag2.
This simple model cannot explain most observed velocity fields. The gas kinematics
in real galaxies exhibits radial and/or vertical motions due to, e.g., the presence of
bars, spiral arms, which requires additional ingredient in the analysis method.

4.3.2 Non-circular Motions

In the past decade, several attempts have been made to investigate more complex ve-
locity fields [Sakhibov & Smirnov 1989; Canzian 1993; Franx, van Gorkom & de
Zeeuw 1994; Schoenmakers, Franx & de Zeeuw 1997 (hereafter SFdZ); Fridman &
Khoruzhii 2003; Wong et al. 2004]. The main idea of these techniques is to deal sep-
arately with the “unperturbed” underlying component and the residual velocity field,
obtained by subtracting the reconstructed unperturbed velocity field from the data.
To solve the problem, as stated, one would have to know the unperturbed velocity
component at a given radius. In the data, the perturbations are almost inseparable
from the unperturbed velocity information. A powerful technique for unveiling the
perturbations makes use of the expansion of the velocity information in Fourier har-
monic components. Following the terminology of SFdZ (see their appendix for the
detailed derivation), given that the line-of-sight velocity can be expressed as a two-
dimensional analytic function of galactocentric coordinates, it can be written as a
Fourier series:

Vlos = Vsys +

k∑
n=1

(
cn cos(nφ) + sn sin(nφ)

)
sin i, (4.3)

where φ is an angle measured in the plane of the orbit and is zero at the line of
nodes, k is the number of harmonics, and cn and sn are functions of radius that give
us information about the nature of the perturbations and they are tightly connected to
the underlying potential. Note that c1 = Vrot and s1 = Vrad. Furthermore, numerical
simulations by Burlak et al. (2000) have shown that this formalism is very stable and
its results are rather insensitive to the presence of holes in the velocity field.

4.4 Tilted-Ring Decomposition

Our quantitative analysis uses the formalism of Eq. (4.3) combined with the tilted-
ring method, inspired from the ROTCUR routine (Begeman 1987) in the GIPSY pack-
age (Groningen Image Processing SYstem; van der Hulst et al. 1992). Accordingly,
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we divide each field into concentric rings within which we fit the rotation speed and
the set of geometric parameters of Eq. (4.3). The method assumes that each pixel in
the velocity field is identified with a unique position in the galaxy and that circular
rotation is the dominant feature. We assume that our measurements refer to positions
on a single inclined disk. Accounting for harmonic perturbations up to order 3, this
method results in a large parameter-space problem, and it requires some additional
assumptions to obtain a physically meaningful solution. We pin down the parameters
by proceeding as follows:

1. On first approximation, we start from a simple inclined two-dimensional disk,
the inclination of which is given by the axis ratio from the RC3 (de Vaucouleurs
et al. 1991) and held fixed throughout the field. In case of erroneous inclination,
one would detect systematics in the residual field as explained in section 4.4.2.
Using a two-dimensional disk produces a robust model, in the sense that warps
and other deviations from this basic model should be prominent in our residual
maps.

2. Secondly, to test whether the dynamical centre coincides with the morpholog-
ical centre, we fit the central position in Eq. (4.2). This step resulted in the
dynamical centre being off the morphological centre by 0.′′8 to the east and
0.′′28 to the south. We then fix the central positions (Xcen,Ycen) in Eq. (4.2).
Fixing these parameters should unveil effects of lopsidedness (m = 1 perturba-
tions) in the residual fields.

3. We fit Vlos = Vsys + c1 cos φ sin i, varying Vsys, PA, and c1. This result is used
to fix the systemic velocity simply as the mean value using Tukey’s bi-weight
mean formalism (Mosteller & Tukey 1977), which is particularly advantageous
for being non-sensitive to outliers. After Vsys, we fit the PA and c1, followed
by fixing the PA, and finally we fit the rotation curve.

4. For each ring, we import the values derived according to the recipe above, re-
move the circular contribution to the observed velocity field and fit the higher
harmonic components (up to order 3) applying a χ2-minimisation scheme,
which in turn were carefully compared with ROTCUR results and showed to be
identical (R. Boomsma, private communication). These results are presented
in Fig. 4.4.

Analysing the first, second, and third harmonic components only, is an efficient
way to analyse specific elements of the perturbations on the underlying potential. A
perturbation of order m creates m − 1 and m + 1 line-of-sight velocity terms (see
eg. Canzian 1993 and SFdZ). Complementarily, our fitted c3 and s3 terms contain
information about potential m = 2 perturbations.
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When sectioning the field into concentric rings, the radial extent of each ring
is a free parameter which has to be pre-determined. For a range of possible ring
radii, we have examined the fitted velocity information. Determination of the radial
thickness of the rings becomes a trade-off between smoothness of the fitted velocity
field, and robustness of the fit. Radially thin rings result in smooth fits, and thus
smooth residual (Data - Fit) fields, whereas radially thick rings result in lower errors
for the fitted parameters. Patchy gas distribution causes non-uniform distribution of
points (especially in the outer parts), and it is important to make sure that all the
rings include enough points to fit harmonic parameters to reasonable accuracy. The
thickness of the rings can be held fixed, or one can adopt a logarithmic or geometric
increase of the ring radii (meaning that the width of the rings is increased by a factor
(1 + step)). We derive Vsys, PA, and Vrot by dividing the field into rings the radii
of which increase geometrically with a step 0.2, i.e., radi+1 = 1.2radi. This choice
allows the primary parameters to have reasonably low though not minimum errors.
We thus derive Vsys, PA, and Vrot, by choosing two-pixels-wide rings inside 15′′
and one thick ring for the field outside this radius. The outermost ring cannot be
subdivided into radially thinner rings as the pixels become sparsely spread outside
this radius.

4.4.1 Tilted-Ring Characteristics

The tilted-ring and harmonic decomposition of the gas velocity field provides the
radial profiles for the primary disk parameters and the higher order harmonic terms
(see Fig. 4.4). We detect a periodically varying zeroth harmonic term (Vsys) with up
40 km s−1 variation amplitude. We find a PA twist of about 50◦ in the central 15′′,
and outside this radius the PA goes back to the central values. The circular velocity
component Vrot rises steeply and peaks at 4′′ radius, followed by a slow decline up
to the outermost radius. We find that the s1 term behaves in a way similar to the
Vsys term. Its periodicity mimics that of Vsys, and its amplitude reaches more than
0.5Vrot sin i. This is clearly due to the fact that Vsys was fixed. The second-order
harmonic terms are all consistent with zero, and except for the last three c3 values,
the same is true for the third order terms. The bottom row in Fig. 4.4 shows that
our decision to use two different sets of ring radii is advantageous. Although the
second and third terms are mostly consistent with zero, we have reasonable errors for
analysing the Vsys, PA, Vrot, and the s1 term.

4.4.2 Errors

The extracted emission-line spectra, and the derived gas velocity fields, are subject to
errors at different levels, i.e., in the observed spectra, adaptive spatial binning, stellar
kinematics derivation, optimal template fitting, and gas kinematics derivation. We
estimate these errors for the harmonic decomposition and derivation of the kinematic
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Figure 4.4: Harmonic Decomposition of SAURON gas velocity field together with the bar
model (top right) which reproduces the main kinematic features of the data. The dashed
circle indicated the location of the inner Lindblad resonance calculated from the dissipative
bar model (16.′′8). Harmonic parameters are plotted as a function of outer radius of each ring.
The over-plotted red filled circles are theoretically calculated values for s1, c3, and s3. Note
that v∗ = Vrot sin i, velocity ranges are the same as in Fig. 4.1 and that error bars are calculated
using using the method described in the text. Vsys, PA, and Vrot have been derived for two-
pixels wide rings with geometrically increasing radii (i.e., radi+1 = 1.2radi) and inclination
fixed at 64◦, and harmonic terms have been derived for two-pixels wide rings for the inner
15′′ and one thick ring for the field outside this radius.

parameters by use of the bootstrap Monte-Carlo method (using 1000 iterations), the
PA error being obtained from the standard deviation of our simulations. For all other
parameters, we use the standard deviations delivered by the linear fitting routine. The
simulations show that choosing geometrically increasing ring radii for the derivation
of Vsys, PA, Vrot, and two-pixel-wide rings for the derivation of the harmonic param-
eters is optimal: The errors are kept down, and the parameter profiles are represented
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by an adequate number of almost independent points.
Warner et al. (1973) and van der Kruit & Allen (1978) showed that the use of

wrong input parameters for the disk model cause recognisable signatures in the resid-
ual velocity fields. SFdZ quantified these signatures in terms of harmonic expansion,
and showed that the Fourier components due to non-circular motions will mix with
those due to erroneous disk parameters Xcen,Ycen, i, and PA. Errors in the kinematic
centre are apparent in the Vsys, c2 and s2, while PA errors appear in the s1 and s3

terms, and inclination errors in the c1 and c3 terms. The c0 and the c2 terms fall
off as 1

R whereas the presence of a radius-independent m = 1 mode shows the re-
lation c0 ∼ 3c2 (Schoenmakers 1999). Another source of error is “pixel sampling”
for which errors propagate onto the c1 (as the rotation curve rises more gradually)
and the c3 terms as if inclination changes. This effect may also propagate onto the s1

and s3 parameters (Wong 2000), although not significantly. In particular, the effect
of pixel sampling needs to be taken into account for large beams such as in studies
of radio observations. Our data and analysis does not require consideration of this
effect, except in the inner few arcseconds which we do not include in the present
analysis.

4.5 A Bar Model for NGC 5448

The SFdZ formalism has been shown to be very powerful for analysing velocity
fields. One can analytically derive the higher-order harmonic parameters for poten-
tials of desired form. Schoenmakers (1999) derived the harmonic parameters for a
lopsided potential, and a more extensive expansion was done by Wong et al. (2004),
who derived the higher-order harmonics for simple bar and two-armed spiral pertur-
bations. The two-dimensional model is composed of an axisymmetric background
potential and an angular velocity perturbation of a bi-symmetric weak bar with non-
zero pattern speed. Introducing a constant damping term into the equations of motion,
and considering only the m = 2 perturbation term (Lindblad & Lindblad 1994; Wada
1994), linear epicyclic approximation of Lin & Shu (1964) is applied to obtain an an-
alytical solution for gaseous orbits in a barred potential. Since this model is restricted
to m = 2 perturbation, it affects only the first and third harmonic parameters (c1, s1,
c3, and s3). These depend on the amplitude of the damping term (λ), ellipticity of the
potential (ε), viewing angle (θ), and the size of the bar.

We use these results to reconstruct the signatures of prominent non-circular mo-
tions in the observed velocity fields. We build libraries of models with varying bar
parameters, viewed from different angles. The libraries cover large ranges for these
parameters (0 < ε < 0.4 and 0 < λ < 0.4 in steps of 0.05, and 0◦ ≤ θ ≤ 360◦ in
steps of 5 degrees), and for a range of bar sizes (See Wong et al. 2004; Appendix,
for detailed derivation of the harmonic components). The effects of λ and ε, on the
velocity field are predictable. For weaker bar signatures, a larger damping factor or a
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Figure 4.5: A selection of model libraries to illustrate a range of kinematic features pro-
duced by different dissipative bar models. Left: The unperturbed disks with given scale length
(Rd), inclination i, PA, and arbitrary central surface brightness. Right: The bar-perturbed
disks with a given bar perturbation strength ε, damping factor λ, and viewing angle θ. The
solid circle indicates the location of the corotation. Black and white colours indicate op-
posite velocity sign, and the thick solid line indicates zero-velocity curve. The step in the
contour levels is 25 km s−1. See Wong et al. (2004); Appendix, for a detailed derivation of
the harmonic components for the adopted bar model.
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smaller ε is required, and vice versa. The effect of θ, on the other hand, is not easily
predictable, as it is closely linked with the bar orientation and size (see Fig. 4.5).

Investigating our library of dissipative bar models, we find that only for a certain
combination of parameters the model exhibits strong twist of the gas zero-velocity
curve similar to our data (Fig. 4.4). The rotating bar model that we compare with
the data accounts for an m = 2 perturbation of a single bar with potential ellipticity
ε = 0.15 and damping term λ = 0.05. Corotation is at 57.′′4, and the bar is viewed
end-on. The overall velocity field of the large-scale bar model is consistent with the
SAURON gas velocity field. Similarly to our bar model, c2 and s2 coefficients of the
data are consistent with zero, and the third order harmonic parameters for our model
is consistent with the data.

4.6 Results

Our study has enabled us to detect some distinct features, on which we elaborate in
order:

4.6.1 Gas Distribution and Kinematics

The distribution of ionised [O iii] emitting gas is significantly different from that of
the stellar component. Fig. 4.1 exhibits that along the strong dust lanes, the gas dis-
tribution becomes very patchy, with an asymmetric elongation of [O iii] gas towards
the south-east. The Hβ distribution is found to be more regular, and all features in the
[O iii] kinematic maps are accompanied by Hβ emitting gas. The very prominent gas
velocity dispersion dip suggests that the central gas component is in a dynamically
cold disk or bar-like structure. In NGC 5448, the central dust distribution is more
prominent when looking at the HST images and the V − H colour map in Fig. 4.6.
The colour map shows a strong dust lane about 1′′ at the south-east of the galaxy
nucleus. The larger scale WFPC2 image shows that this central dust lane is accom-
panied by several other dust lanes further away from the nucleus. The innermost dust
lane obscures the south-east parts of the AGN, causing the small observed difference
between the photometric and the dynamical centre that we detected by the tilted-ring
method.

The gas and stellar kinematics differ considerably. The stellar component exhibit
rather regular rotation, whereas the gas velocity map clearly shows very prominent
‘S’-shaped zero-velocity curve with very sharp edges indicating very strong non-
circular gas motions (Peterson & Huntley 1980). This ‘S’-shaped gas zero-velocity
curve is confirmed by the PA variation derived by the tilted-ring decomposition.
Zero-velocity curve twists can be indicative of strong radial motions, created by, e.g.,
interactions, mergers or elliptical streaming due to a bar. Wong (2000) distinguished
differences between radial motion mechanisms by comparing the s3 versus s1 har-
monic terms, and found that the behaviour of s3 versus s1 is different between a bar
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Figure 4.6: Top panels: HST/NICMOS H-band (F160W) and WFPC2 V-band (F606W)
images, plotted in decimal logarithmic scale. The bottom left panel is the V − H map. To do
this the V-band image was convolved with the H-band image PSF and vice versa. All maps
have pixel-size of 0.′′0455, and the same orientation as the DSS image with the centre marked
by a cross. The bottom right profiles are the projected (open circles) and deprojected (filled
circles) ellipticity and PA profiles (Laine et al. 2002).

model and a pure axisymmetric or warp model. Setting up the same diagnostics as in
Wong (2000), in Fig. 4.7, we find that for our data, the s3 versus s1 curve falls on a
negative slope. This confirms the signature of elliptical streaming in the gas velocity
field of NGC 5448.

4.6.2 The Large-scale Bar

Apart from radii near 7′′, the s1 profile derived from the data is consistent with the bar
model. The second-order harmonic terms for our bar model are zero, consistent with
the data. Our model is limited to an m = 2 perturbation, although complicated flow
patterns in bars, studied by, e.g., Lindblad (1999), imply a significant contribution
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Figure 4.7: Correlation between s3

and s1. The bar model predicts neg-
ative slope, and the parameters de-
rived from the data clearly follow
the same slope.

from m = 4 and higher-order modes. The third harmonic terms are also influenced
by m = 4, which explains the marginal differences between our model bar and the
data for these parameters.

We now compare the modelled bar with the deprojected Digitised Sky Survey
(DSS) image. The inclination from the RC3 and the PA from our tilted-ring model
was used to deproject the DSS image in a simple way by assuming that the galaxy
disk is thin with its inclination given by its apparent axis ratio in the outer parts. The
outer spiral arms are clearly emphasised in the deprojected DSS image. It is however
difficult to identify the large-scale bar. The best-fit model assumes the bar to be end-
on: this is consistent with the deprojected DSS image, if we assume that the bar in
NGC 5448 ends close to the starting point of the spiral arms (Sanders & Huntley
1976), We can also then associate its corotation radius CR with the inner radius of
the arms, hence CR∼ 55′′, consistent with the value of � 57′′ derived from the bar
model. The assumed CR radius is confirmed by the ellipticity profile presented in
Fig. 4.6

4.6.3 Lopsidedness

When comparing our model with the tilted-ring results, the s1 profile displays some
clear differences at around 7′′. The observed s1 is positive, whereas the model pre-
dicts a negative and decreasing s1. This difference is well explained when looking at
the residual field (Data - Rotation Model) in Fig. 4.8, revealing a ring structure at this
radius, which is the signature of the large variation of the zeroth term (Vsys). When
fixing the Vsys for deriving the harmonic parameters, its variation translates into the
s1 term, which displays the difference between the data and the bar model.

We can also exclude erroneous input kinematic centre, since this parameter has
been fitted by the tilted-ring method and the observed variation of the systemic ve-
locity does not seem to fall off inversely proportional to radius. For our galaxy, the
Vsys variation could be an indication of lopsidedness, i.e., an m = 1 mode (c.f., Fig 2.
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Figure 4.8: Residual field (Gas Velocity
Data - Rotational Model). This map re-
veals a ring structure at the radius where
we have the large s1-discrepancy between
the data and the bar model. This is at about
7′′. Comparing this ring feature with that
in SFdZ confirms the m = 1 perturbation.
The cross marks the position of the centre.
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in SFdZ). Hence, the difference between the s1 of the data and that of our bar model
could be due to this effect. Lopsidedness in galaxies has been investigated by Bald-
win, Lynden-Bell & Sancisi (1980), Rudnick & Rix (1998), Schoenmakers (1999),
and Swaters et al. (1999). The amplitude of this effect may depend on galactocentric
radius, and viewed from different viewing angles will produce different signatures
in the observed velocity field. We thus expect an asymmetric velocity field, where
the asymmetry becomes less prominent for decreasing viewing angles. Residuals are
dominated by the zeroth harmonic term for viewing angle of 90◦, and by the sec-
ond harmonic term for viewing angle of 0◦. In the special case of radius-dependent
lopsidedness c0 ∼ 3c2. NGC 5448 has a large inclination, thus the zeroth term is
dominating, and we find no firm correlation between the c0 and the c3.

4.6.4 The Stellar Component

The SAURONmaps in Fig. 4.1, display a smooth stellar distribution and the presence of
a dust lane at the south of the nucleus. The stellar kinematics shows a prominent reg-
ular disk-like behaviour with a smaller inner stellar disk within the central 7′′ radius.
The stellar velocity dispersion decreases towards the centre, and at the location of
the maximum line-of-sight velocities for the central structure, h3 anti-correlates with
V . We approximate the stellar velocity field with an exponential thin disk (Freeman
1970) to emphasise the kinematic signatures of the central disky structure. Fig. 4.9
shows this simple inclined disk model, where the inner stellar disk rotates faster than
the outer disk. The central 7′′ has been omitted from the fit. The best-fit model for the
outer stellar disk, assuming an inclination fixed to the RC3 catalogue value, yields
Vsys= 2021.4 km s−1, a disk scale length Rd = 21.′′6, and a disk PA= 130.4◦. Re-
peating the same exercise for the region inside 7′′, we find that the central disk-like
structure is misaligned with respect to the outer disk by ∼ 13◦.
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Figure 4.9: Outer parts of the stellar velocity field have been modelled using a thin isother-
mal disk. The circle marks the 7′′region within which we find a disk-like structure, and the
model has been only fitted to the field outside this region. According to this model, outer disk
parameters are: scale length equals 21.′′6, Vsys= 2021.4 km s−1, and PA= 130.4◦. All velocity
ranges are same as in Fig. 4.1.

4.6.5 Position Angle Values

The PA from the RC3 catalogue for NGC 5448 is 115◦. Comparing this value with
the average PA of the gaseous component from the tilted-ring fit, we find a difference
of about 9◦. The projected PA profile from the ellipse fitting of the images in Fig. 4.6
displays a variation of the order of 5◦, but overall it stays fairly constant around the
nominal RC3 value inside 100′′. The asymmetric dust distribution in this galaxy may
cause this PA variation out to very large radii. Accurate determination of the PA from
the tilted-ring fit is sensitive to the choice of the fixed ring radii. Changing the ring
radii we are able to make the average gaseous PA vary by some 5◦: this means that the
measured PA difference between the stellar and gas components is marginal, and that
the data are consistent with these to be aligned. When comparing the photometric PA
with the derived stellar kinematic PA as described in section 4.6.4, we find that the
photometric PA is in good agreement with the kinematic PA of the central stellar disk.
Comparison with the large stellar disk shows that the two values differ by 15◦. The
stellar kinematic and photometric misalignment could be due to the effect of the bar
on the observed stellar velocity. However, the photometric PA is in good agreement
with the kinematic PA of the central stellar disk-like component.

4.6.6 The Inner Few Arcseconds

In Fig. 4.10 we zoom into the central few arcseconds of the stellar and the gaseous
velocity fields of NGC 5448 to emphasise the observed kinematic differences be-
tween the two components. In this comparison, the first striking difference is that the
isovelocity contours of the gaseous component are more parallel than those of the
stars, and that the gas rotates faster than the stars. We find that the inner stellar disk
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not only is misaligned with the outer stellar disk, but also is shifted to the south-west.
The photometric semi-major axis cut at 115◦ is offset and parallel to the kinematic PA
of the inner disk. In Fig. 4.6, we find that the ellipticity of the central disk is the same
as that of the outer disk (∼ 0.55) and its PA is consistent with that of the outer disk.
The prominent dust lanes at the south of this galaxy may explain the misalignment
between the outer and inner disks, but do not shed light on why the position of the
dynamical centre of the two components do not coincide.

In the central ∼ 4′′ the gas isovelocity contours are comparatively straight and
parallel. The parallel contours indicate cylindrical rotation which may be linked with
the presence of the bar. In the same region, the stellar isovelocity contours are in-
dicative of the presence of a central disk. The tilted-ring decomposition of the gas
velocity field provides the gas rotation curve illustrated by the solid curve in Fig. 4.10.
The gas rotation curve peaks at 4′′ coincidently with the stellar disk. The gas rotates
about 70 km s−1 faster than the stars, with some indication that the negative velocities
reach lower values than the positive line-of-sight velocities. This asymmetry could
be a signature of the lopsidedness.

4.7 Discussion and Conclusions

We have used the linear theory to construct a bar model (m = 2 mode) for NGC 5448.
The best-fit model considers the effects of a single weak end-on bar with a potential
ellipticity ε = 0.15, a damping amplitude of λ = 0.05. We compare the harmonic
terms of the model velocity field with those derived from the data and find an overall
consistency (see Fig. 4.4). Using this model, we have been able to associate and
quantify the radial flow of gas with that of the large-sale bar (see Fig. 4.7). The radial
velocity component reaches values up to 0.5Vrot sin i.

NGC 5448 exhibits clear signatures of the presence of other components than one
single bar, which affect the observed velocity field. A clear difference between the
s1 of the model and the data has been recognised (see section 4.6.3). The periodic
behaviour of the s1 term coincides with that of the systemic velocity, since when Vsys

is allowed to vary, the s1 term of the data follows that of the bar model more closely.
To clarify the difference between the data and the bar model, we have looked at the
residual field (Data - Rotational Model), in the way previously explored by SFdZ.
The ring structure in the residual field (see Fig. 4.8) indicates lopsidedness. The data
is thus expected to differ from the bar model where the ring structure appears in the
residual field, which is the radius around 7′′. At this radius the gas zero-velocity
curve displays sharp edges corresponding to a sharp PA twist, whereas in our model,
the kinematic PA varies smoothly.

Inspecting the central parts of the gaseous and stellar velocity field, we have
detected a central rotating disk-like stellar component embedded in the larger disk
(see Fig. 4.9). The HST WFPC2 (F606W) and NICMOS H-band images for this
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Figure 4.10: Zooming into the central few arcseconds of the stellar and gaseous velocity
maps of NGC 5448. The almost diagonal line indicates the photometric PA along which the
semi-major axis velocity profiles for the gas and stars have been obtained. In the lower left
panel, the semi-major axis velocities for the two components are presented together with the
gas rotation curve (solid line) derived by the tilted-ring method. The maps are presented in
the velocity range of (-140,140) km s−1, the cross indicates the centre, and the overplotted
circle indicates the 7′′ radius for comparison with Fig. 4.9.

galaxy also indicate the presence of this central disk. The WFPC2 image shows in
particular one very sharp dust lane 1′′ from the centre of this galaxy. This image also
shows three more fuzzy and almost parallel dust lanes further out in the south-east
direction. The dusty centre is also apparent in the V − H image in Fig. 4.6. Dust is
inhomogeneously distributed and continues down to the very bright nucleus. Light
from the AGN is absorbed by the dust asymmetrically and the centre appears to be
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located at the north-west of its actual position. We have applied the tilted-ring method
to the velocity field in order to check the position of the dynamical centre.

Investigating the projected and deprojected ellipticity profiles derived from the
H-band data (Laine et al. 2002; see also Fig. 4.6), we have confirmed the presence of
the central disk at 3′′. Although the projected ellipticity profile decreases after this
radius, we cannot be sure that the disk ends at 3′′. The observed ellipticity decrease
could be caused by the strongly asymmetric dust distribution. The stellar kinematic
maps show that the central disk rotates faster than the main disk. Our derived gas
rotation curve indicates that this central disk-like component also hosts gas which
rotates faster than the stars.

The streaming motions of the large-scale bar has formed the central disk. In
some cases, the central mass concentration may form an inner bar (e.g., Maciejewski
& Sparke 2000), but the prominent anti-correlation between velocity and h3, in our
maps, is suggestive of the central component being a disk and not a bar. The higher
gas velocities may be due to the streaming of the gas by the bar. The gaseous com-
ponent is more influenced by the bar potential, whereas the stars are comparatively
less influenced. The large-scale bar drives mass toward the centre from the ILR.
Due to the strong superimposed lopsidedness, the mass does not reach the centre in
a straightforward way but the radial inflow slows down and reaches zero at 10′′. If
negative s1 indicates inflow, and positive s1 indicates outflow, then inside the 7′′ cen-
tral disk, mass is being transported inwards. At around 7′′ ∼ 220 pc there is outflow
out to the ILR at 16′′. We have detected a disk-like structure, which exhibits lots of
dust. In this region, there is less hard radiation and stars are forming, producing more
Hβ than [O iii].

To conclude, we have been able to successfully model the bar in the AGN host
NGC 5448. We have revealed the effects of a lopsided perturbation co-existing with
the bar, and unveiled a central disk which is probably formed by mass transferred to
the centre by the bar. NGC 5448 hosts considerable amount of gas which is asymmet-
rically distributed all the way to the centre. It resembles the “Evil Eye” galaxy. We
have been able to investigate the observational signatures that such asymmetric dust
distributions cause in the observed stellar and gas velocity fields. More sophisticated
modelling is required to understand the structure of this intriguing galaxy to a better
extent. Verification of the location of the resonances would be a crucial piece of this
puzzle. Resonances play a critical role in connecting the true impact of the bar with
the interplay between the hierarchy of sub-structures in this galaxy.
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Figure 4.11: DSS deprojected contours. PA from our tilted rings method and inclination
from RC3 has been used to deproject the image according to a two-dimensional deprojection
of a circular thin disk.
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