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CHAPTER 5

Gas and Stellar Dynamics in NGC 1068

We present SAURON integral field spectrography of the nearby Seyfert 2 galaxy
NGC 1068. We obtained two-dimensional stellar and gas distribution and kine-
matics of the central 1.5 kpc, enclosing the well-known near-infrared inner
bar. The [O iii] and Hβ emission-lines exhibit very different spatial distribution
and kinematics, the latter following inner spiral arms with clumps associated
with star formation. Strong streaming motions are revealed by both the Hβ
and [O iii] kinematics. The stellar kinematics also exhibit clear signatures of a
non-axisymmetric potential. Furthermore, we recognise the strong non-circular
gaseous motions caused by the bar and the spiral arms, and get a tentative in-
dication of the presence of two separate pattern speeds applying the Tremaine-
Weinberg method on the Fabry-Perot large-scale Hα map.

5.1 Introduction

The fuelling of AGN poses the problem of bringing gas in the close neighbourhood of
the putative central dark mass, a supermassive black hole. Before reaching scales of
a few parsecs where turbulent viscosity becomes important (Wada & Norman 2002),
the angular momentum of the gas must decrease by orders of magnitude. While merg-
ing may be involved in the formation of the more active class of QSOs, the presence
of a Seyfert nucleus does not seem to be linked with the existence of companions or
with the evidence for interactions (e.g., Maia et al. 2003; Knapen 2004). In this con-
text, departures from axisymmetry in the internal gravitational potential have been
advocated to have an important contribution in the loss of angular momentum of the
dissipative component (Heller & Shlosman 1994).

Quadrupole perturbations such as bars are ubiquitous in disk galaxies. And in-
deed bars are good at redistributing the gas, and more specifically at concentrating
gas within their inner regions (Sakamoto et al. 1999). However a correlation between
the presence of a bar and the activity of the nuclear region is weak, at best (e.g., Moles
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et al. 1995; Mulchaey & Regan 1997; Ho et al. 1997; Malkan et al. 1998; Knapen et
al. 2000; Laine et al. 2002). This is not too surprising since the scales involved are
just very different: from the kiloparsec scale bars to the presumed central accretion
disk. The bar-driven loss of angular momentum mainly occurs within the Corotation
Radius (CR), leading the gas towards the inner resonances, e.g., the Inner Lindblad
Resonance (ILR) if present, where the torques are cancelled. Gas can thus pile up and
creates inner rings (e.g., Schwarz 1981), often observed to host strong star forming
clumps. The next step to reach smaller radii is still under great debate. A number
of processes, including secondary inner bars, inner spirals, lopsidedness and minor
mergers (see Combes 2003 for a review) have been invoked, but none of them seem
to qualify as the main trigger.

Although these processes are all dynamical in essence, we do not know much
about the gravitational potential of spiral galaxies. It would be important to examine
whether the gravitational potential of galaxies hosting an active nucleus is different
from the non-active ones.While the gas can sometimes be a good tracer of the under-
lying gravitational potential, it often fails miserably in the central parts of galaxies,
particularly if the nucleus is active, since in and out-flows, as well as shocks, and
other non-gravitational processes are involved (Athanassoula 1992; Nelson & Whit-
tle 1996; Mundell & Shone 1999). The kinematics of stars, although often complex,
may thus be a much more reliable probe.

Only a very limited number of spectroscopic studies have put the emphasis on
the stellar absorption lines of active disk galaxies, and the corresponding data are
usually obtained with modest spatial coverage. In this context, it is surprising to see
how little we know about nearby active galaxies: for most of them we only have
the central value of the stellar velocity dispersion (Nelson & Whittle 1995, 1996)
and sometimes a couple of long-slit observations (Pérez et al. 2000; Emsellem et al.
2001; Fillipenko & Ho 2003; Marquez et al. 04). Two-dimensional stellar kinematics
have been published for only a handful of cases (e.g., Garcı́a-Lorenzo et al. 1997;
Arribas et al. 1997; Arribas et al. 1999; Ferruit et al. 2004). The measurements of
the stellar kinematics are often complicated by the presence of strong emission-lines
in these galaxies, particularly in Seyfert 1 galaxies.

Even one of the closest and most studied Seyfert 2 galaxies, NGC 1068, has not
received much attention in this context. Still there have been some attempts to con-
strain the overall mass distribution of this galaxy. A good summarising sketch of the
observed components can be found in Schinnerer et al. (2000) where the outer disk
and oval, the two-arms spiral and the NIR bar are represented (see Fig. 5.1). The
outer oval structure (with a diameter of 90′′) has been interpreted by Schinnerer et
al. (2000) as a primary bar with ΩP

p ∼ 20 km s−1 kpc−1, consistent with the HI ring
being at its Outer Lindblad Resonance (OLR), and the inner spiral arms seen in CO
corresponding to its Inner Lindblad Resonance (ILR). The NIR bar, which extends
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up to a radius of ∼ 16′′ would then be a secondary bar with an estimated pattern
speed of ΩS

p ∼ 140 km s−1 kpc−1. This is consistent with the recent estimate of
135 ± 42 km s−1 kpc−1 derived by Rand & Wallin (2004) based on an application
of the Tremaine-Weinberg method (Tremaine & Weinberg 1984) using CO obser-
vations. The same authors argued for a different slower pattern speed of the outer
CO spiral arms with ΩS

p ∼ 72 km s−1 kpc−1. However, based on the openness of
the spiral arms, Yuan & Kuo (1998) argued these to be associated with the OLR of
the inner bar. The only two-dimensional stellar kinematical study was achieved by
Garcı́a-Lorenzo et al. (1997) who obtained INTEGRAL/WHT spectroscopy in the
optical of the central 24′′×20′′of NGC 1068. These authors suggest the presence of
two puzzling kinematically decoupled stellar components in the central 10′′, offset by
about 2.′′5 from each other. Then Shapiro et al. (2003) constrained the velocity dis-
persion ellipsoid of the disk using high-quality long-slit kinematics along the major
and minor axes of the galaxy.

Figure 5.1: Sketch of NGC 1068
showing the location of the bars and
molecular spiral arms. With the excep-
tion of the outline of the galaxy disk,
the figure is approximately to scale
(from Schinnerer et al. 2000). galaxy disk
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In this paper we wish to further constrain the gravitational potential of NGC 1068
by mapping both its stellar and gas kinematics. We have thus used the integral field
spectrograph SAURON and external data sets to probe the region of the inner (sec-
ondary) bar. We first describe the SAURON observations and associated data reduction
in section 5.2. We then shortly present additional data we have gathered from differ-
ent authors (section 5.3), and present the results in section 5.4. The results are then
discussed further and summarised in section 5.5.

5.2 SAURON Observations and Data Reduction

5.2.1 The SAURON Datacubes

We have observed NGC 1068 with the Low Resolution (LR) mode of the integral
spectrograph SAURON during a run in January 2001. SAURON delivers about 1500
spectra simultaneously, homogeneously covering a field of view of 41′′ × 33′′ with
a squared sampling of 0.′′94 per spatial element (lens). The spectral domain and
resolution are [4820 - 5280 Å] and 108 km s−1 (σ�) respectively. More details on the
SAURON spectrograph can be found in Bacon et al. (2001), de Zeeuw et al. (2002),
and Emsellem et al. (2004). The emission-lines in NGC 1068 (particularly the [O iii]
lines) are so bright in the central part of NGC 1068 that the CCD saturates after about



134 chapter 5

Figure 5.2: Isophotes (with step of 0.5
magnitude) of the central region as ob-
served by SAURON (stellar continuum, solid
lines) and with the WFPC2 camera aboard
HST (F547M filter, dashed lines), after
(seeing-)convolution by a Gaussian of 2′′.
The agreement is excellent except at the
border of the PC field where edge effects
are seen.

8 min of exposure with the SAURON LR mode. We have therefore obtained a 5 min
exposure to probe the central few arcseconds, and 3 more exposures of 30 min each
to study the outer part of the galaxy.

5.2.2 Data Reduction with XSAURON

The data reduction of all 4 exposures was achieved using the dedicated XSAURON
software, and an automatic pipeline available within the SAURON consortium (see
Bacon et al. 2001, and de Zeeuw et al. 2002 for details). The main steps include:
removal of the CCD signature, extraction of the spectra using a mask built from an
optical model of the telescope+spectrograph, wavelength calibration, low frequency
spectral fielding, cosmic rays removal, homogenisation of the spectral resolution in
the field, subtraction of the sky contribution using the 146 dedicated lenses (1′.9 away
from the central field), and flux calibration.

The flux calibrated individual exposures are then accurately centred relatively to
each other using the associated reconstructed images, and merged. Since the expo-
sures are slightly offset from each other, we use the dithered datacubes to spatially
resample the datacubes to 0.′′8 per spaxel. Before merging, the spectra which exhib-
ited saturated pixels were selected out from the datacubes. This practically means
that the spectra in the central 4′′of the final merged datacube are only coming from
the 5 minutes unsaturated exposure.

5.2.3 Coordinate Centering

We used the F547M HST/WFPC2 (extracted from the ST/ECF archive) data to de-
termine the relative spatial position of our SAURON datacube (see Fig. 5.2). Capeti et
al. (1997) provided the absolute coordinate of the central peak of this optical image
(α = 02h42m40.s711, δ = -00deg00’47.”81 - J2000, FK5, 80 mas accuracy), to be
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compared with the putative position of the central engine (CE) identified as the S1 ra-
dio source by Muxlow et al. (1996) at α = 02h42m40.s7098, δ = -00deg00’47.”938.
Taking S1 as our reference (0,0), we thus aligned the SAURON reconstructed image
with the F547M WFPC2 exposure where the peak was assumed to be 0.′′13 north and
0.′′02 arcsec east of the CE (including a rotation of the SAURON field of view). This
ensures an absolute centering of our SAURON datacube on S1 with an error better than
0.′′1 in translation and than 0.5◦ in rotation.

5.2.4 Disentangling the Stellar and Gas Contributions

In this section, we give details about the method we used to disentangle the contribu-
tions of the stellar and gas contributions in the SAURON spectra.

Stellar Kinematics

The stellar contribution to the SAURON spectra is highly contaminated by strong
emission-lines: Hβλ4861, the [O iii]λ4959,λ5007, and the [N i]λ5198,λ5200 dou-
blets. We first list the spectral regions which are significantly contaminated by emis-
sion. This required a detailed examination of the spectra in the merged datacube,
particularly in the central 5′′ where the emission lines are very strong and wide. A
first estimate of the stellar kinematics is then derived excluding the contaminated pix-
els. We achieve this by using a direct penalized pixel fitting routine (pPXF, Cappellari
& Emsellem 2004): the algorithm finds the mean velocity V and velocity dispersion
σ which minimises the difference between the observed galaxy spectrum and the
spectrum of a stellar template convolved by the corresponding Gaussian (of mean V
and root mean square σ). This is performed with the galaxy and template star spectra
rebinned in ln λ. We use a single template star for this first estimate, namely the K2
giant HD 26162, also observed with SAURON. Best-fit values for V and σ are thus
obtained at each position (for each lens/spectrum) independently.

We then use this first estimate of the stellar kinematics to derive an optimal stellar
template for each individual spectrum. This is usually done using a large library of
stellar templates. In the case of NGC 1068, and because of the significant number
of pixels we had to exclude from the fit, this would make the fitting process strongly
degenerate. We therefore decided to restrict our stellar library as much as we could:
including three different stellar templates from the single-age single-metallicity stel-
lar population (SSP) models of Vazdekis (1999) was found sufficient to properly fit
the underlying stellar contribution (see Fig. 5.3). A multiplicative polynomial with a
maximum degree of 6 was included in the fit.

We finally iterate by measuring the velocity V and dispersion σ, as well as the
third and fourth Gauss-Hermite moments h3 and h4 with the pPXF routine, this time
using the optimal templates obtained from the previous step. h3 and h4 are indicators
of the skewness and peakiness of the line-of-sight velocity distribution (relatively
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Figure 5.3: Fits of the SAURON spectra of NGC 1068 using the Vazdekis stellar library. Six
spectra and their corresponding fits at different locations of the SAURON field are shown, the
individual spatial locations being indicated by arrows on the reconstructed intensity SAURON
map. The vertical position of the best-fit spectra are arbitrary shifted for legibility.

to a Gaussian). Considering the limited spectral domain of the SAURON datacube,
the medium spectral resolution of the SAURON spectra (σ = 108 km s−1) and the
contamination by bright emission-lines, the higher order Gauss-Hermite moments
should be taken with caution. Maps for the corresponding measured quantities are
provided in Fig. 5.4, and are discussed in section 5.4.2.

Gas Distribution and Kinematics

The wavelength range of our observations includes the Hβ, [O iii]λλ4959,5007, and
the [N i]λλ5198,5200 emission-lines. These five lines are detected over our com-
plete field of view, although the lines of the [N i] doublet were significantly weaker
than the Hβ and [O iii] lines and were barely detected in off-nuclear regions. The
basic parameters of these emission-lines (intensity, centroid velocity and FWHM)
were derived from Gaussian fitting of their profile using the fit/spec software (Rous-
set 1992). When relevant, the lines were constrained to have fixed or bounded ratios
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Figure 5.4: Reconstructed maps of the stellar kinematics of NGC 1068 obtained from the
SAURON data cube. From left to right: Intensity, velocity V , velocity dispersionσ (top panels),
and higher order moments h3, and h4 (bottom panels). The thick contour approximately marks
where the kinematic measurements are very significantly perturbed by the presence of very
strong and wide emission-lines.

([O iii]λ5007 / [O iii]λ4959 = 2.88; 0.7 < [N i]λ5198 / [N i]λ5200 < 2.0∗. To stabilise
the fit of the weak [N i] lines, we were forced to assume these lines and Hβ shared
the same velocity and width values.

Careful examination of the spectra showed the presence of several kinematically
distinct components in the profiles of the Hβ and [O iii] emission-lines, in agreement
with the results of Arribas et al. (1996) and Garcı́a-Lorenzo et al. (1999). In our data,
we have identified 3 different systems:

• a relatively narrow component (hereafter termed “narrow”), which is observed
everywhere in our field of view

• a broad, blueshifted component (hereafter termed “broad”), which is observed
at distances up to 8-10′′ from the nucleus and often appears as a blue wing in
the [O iii] line profile

• a very spatially localised, intermediate-FWHM component (hereafter termed
“intermediate”) observed in the vicinity of the nucleus and either strongly
blueshifted (south-west of the nucleus) or redshifted (north-east of the nu-
cleus).

∗Range estimated using the Mappings Ic software (Ferruit et al. 1997) with an electronic temperature
of 104 K and electronic densities from 0.1 cm−3 to 1000 cm−3.
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Figure 5.5: Examples of spectra of NGC 1068 obtained with SAURON. The spectra, nor-
malised to a peak intensity of unity, have been truncated to leave only the wavelength range
including the Hβ and [O iii]λλ4959,5007 lines. The dotted vertical lines indicate the expected
position of a line at rest in the galaxy frame (systemic velocity of 1144 km s−1). (1) Nuclear
spectrum. (2) and (3) Spectra located at positions (−1.′′3,+1.′′2) and (+0.′′5,−2.′′8), respec-
tively and in which both the narrow and intermediate components are present. (4) Spectrum
located at (+5.′′3,+8.′′4) in which both the systemic and broad components are present in the
[O iii] lines. (5) and (6) Spectra located (+13.′′3,−6.′′8) and (−16.′′3,+14.′′8), respectively and
in which only the narrow component is observed (but with very different [O iii]λ4959 / Hβ
ratios).

Examples of spectra displaying these three kinematical components are shown in
Fig. 5.5, which can be compared with Fig. 7 in Garcı́a-Lorenzo et al. (1999). Our
narrow, broad and intermediate components correspond to components (1), (2)+(3)
and (4a)+(4b), respectively, in Garcı́a-Lorenzo et al. (1999). In our data, it was
not possible to disentangle components 2 and 3. This is probably due to our fairly
low spatial sampling (0.′′8 per lens), which makes it difficult to study the (complex)
central few arcseconds where component 3 is detected by these authors. For the same
reasons, conducting a similar comparison with the decomposition used by Arribas et
al. (1996) proved very difficult because their observations cover only the nuclear
regions (see their section 3.2.1).

At distances greater than 5′′ from the nucleus (corresponding to 1822 spectra out
of a total of 1943), the line profiles were simple enough for an automated fit to be
conducted. The various maps inferred from the results from this automated fit were
carefully checked and only a small number of spectra had to be fitted a second time.
The situation was completely different in the inner regions (radii < 5′′) were the fit
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was very unstable. All spectra had to be examined and fitted individually and quite
often additional constraints (especially on the width of the broad and intermediate
components) had to be used. Our results in these inner regions (which, however,
represent only a small fraction of our field of view) are therefore less reliable than
those for the outer regions.

In the following we will focus on the properties of the narrow component and we
will not discuss any further the properties of the intermediate and broad components.
Such a discussion would be beyond the scope of our paper and it is clear that higher
spatial and spectral resolution observations are needed for that.

Errors on the emission-line parameters were derived by use of Monte Carlo simu-
lations repeating the fitting procedure 500 times using simulated emission-line spec-
tra. These were built as the sum of a synthetic noise-free spectrum (with spectral
characteristics typical of the observed spectra) and noise. Additional errors on the
centroid velocities (18 km s−1 for 3σ calibration errors) and the FWHM (0.1 Å peak
to valley for variations of the instrumental FWHM over the field of view) were in-
cluded in the final error budget. In the case of the centroid velocities of the narrow
component, the contribution of the fit to the total error was negligible for spectra
dominated by this component (i.e., typically at radii > 5′′) and with a peak signal to
noise ratio larger than 10 (i.e., over most of our field of view): the overall accuracy
on the measured centroid velocity is then better than 20 km s−1.

5.3 Ancillary Datasets

In this Section, we briefly describe ancillary datasets we use in this work, namely
some optical and near-infrared images as well as the HI velocity rotation curve for a
dynamical modelling which we will carry out in the near future, Hα, and CO distri-
bution and kinematics for comparison with our emission-line SAURON maps.

5.3.1 HI Velocity Curve

The HI velocity curve we retrieved has been published in the Ringberg Standards
(RS hereafter, Bland-Hawthorn et al. 1997) from the work of Brinks et al. (1997). It
comprises measurements up to about 200′′ from the centre of NGC 1068, last radius
at which Brinks et al. (1997) detected the low surface brightness HI disk. The HI
rotation curve decreases from about 130 km s−1 at 30′′ to 95 km s−1 at 180′′ from the
centre.

5.3.2 The Hα Distribution and Kinematics

Dr. J. Bland-Hawthorn kindly sent us the Hα Fabry-Perot data as published in Bland-
Hawthorn et al. (1991), including the luminosity and mean velocity maps. The dat-
acube has been obtained with the Hawaii Fabry-Perot Interferometer (HIFI) at the
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CFHT (Mauna Kea). The velocity resolution is 65 km s−1, the spatial sampling and
resolution (FWHM) being 0.′′43 and 0.′′8 respectively.

5.3.3 The CO Distribution and Kinematics

We have also included the high resolution C0 interferometric data from Schinnerer
et al. (2000). This 12CO(1-0) dataset has been obtained with the IRAM millimetre
interferometer on the Plateau de Bure (France), providing a circular beam of 1.′′4
(sampling of 0.′′4), with a channel width of 10 km s−1. Apart from a central ring-
like structure, the molecular emission-line gas is mainly distributed along a two-arms
spiral just outside the inner near-infrared bar, and associated to the Inner Lindblad
Resonance of the outer oval (Schinnerer et al. 2000). The reader is referred to Schin-
nerer et al. (2000) for further details on these data, as well as on its analysis and
modelling.

5.3.4 Long-slit Stellar Absorption Kinematics

We finally include here results from long-slit spectrography conducted by Shapiro et
al. (2003) who kindly made the fully reduced datasets available to us: stellar kine-
matic profiles along the major and minor axes of the galaxy (PAs of 80 and 170 de-
grees) were obtained with a slit of 3′′ centred on the Mgb triplet around 5175Å. We
reanalysed these data using pPXF, deriving moments up to h3 and h4, only includ-
ing wavelengths between 5237 and 5549Å to avoid being contaminated by bright
emission-lines.

5.4 Results

5.4.1 Morphology and Position Angles

In this Section, we have derived new values for the main morphological parameters
of the different components of NGC 1068 (bar, oval, outer disk; see Fig. 5.6), as this
will play an important role when comparing different data sets with each others as
well as with simulations.

We first wish to reexamine the position angle (PA) and ellipticity of the outer disk.
The RS quote a value of 106◦ ± 5, which in fact corresponds to the average position
angle of the kinematical axis as fitted on the large-scale HI data (Brinks et al. 1997).
The total HI surface brightness in the outer disk (100-200′′) is rather low and exhibits
a north/south asymmetry at its outer edge (lower surface brightness in the south). At
this radius the stellar component is easily observed using the DSS I-band image:
outside 190′′, there is a clear mildly flattened component with a PA between 74.5 and
84◦, therefore at least 20◦ off from the kinematical PA measured in HI. A value of
80◦ ± 5 is consistent with the optical and smoothed HI surface brightness shown in
Dehnen et al. (1997), and we will adopt this value as the apparent photometric PA of
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Figure 5.6: Schematic of the structures observed in NGC1068. Left panel: 10′×10′DSS
I-band image. Note that the central 40′′are saturated. Isophotes are shown with a step of 0.5
mag.arcsec2. Middle panel: sketch at the same scale as the DSS image. The major-axis of
the outer disk, outer oval and inner near-infrared bar are indicated (dashed lines). The HI
kinematical axis is shown as a dotted line for comparison. Right panel: zoomed sketch (×10)
showing the location of the near-infrared bar and the CO arms (see Schinnerer et al., Fig. 1
and 6). The extent of the SAURON field of view is indicated by a dashed polygon.

the outer disk, thus different from the HI kinematic PA. The axis ratio of the best-fit
ellipse of the optical outer disk is between 0.8 and 0.85.

We then remeasured the characteristics of the outer oval and near-infrared bar.
Both the DSS I-band and the B deep images lead to a radius of 90′′, an axis-ratio of
0.8 and a PA of 5◦ for the outer oval, perfectly consistent with the RS values. Using
our high resolution K-band image, we find an average position angle of 44.5◦±0.5 for
the near-infrared bar (between 10 and 16′′), as compared to the RS value of 48◦ ± 2
(from Scoville et al. 1988). Our value is however consistent with the one provided
by Thronson et al. (1989) of 45.0◦ ± 0.5. In the following, we will therefore use an
average value of 44.5◦. The minimum axis-ratio is 0.45 at a radius of 15.′′5.

5.4.2 Stellar Kinematics

The SAURON stellar kinematics are presented in Fig. 5.4. Inside the central 4′′, the
measurements are significantly perturbed due to the emission-line contamination and
should be taken only as indicative. The stellar velocity field clearly exhibits strong
departures from axisymmetry, with an ‘S’-shaped zero-velocity curve, and the line of
maximum velocity having a variable position angle. The amplitude of the velocity
field reaches ∼ 115 km s−1 in the SAURON field. The velocity dispersion map shows
a rise towards the centre with σ ∼ 60 km s−1 at 20′′ from the centre along the major-
axis and between 100 and 200 km s−1 in the central 10′′. There is a slight asymmetry
in the dispersion map, being higher on the western side of the field, which is probably
associated with a residual gradient of the spectral resolution over the field of view.
The h3 map displays a significant change of sign from the south-east quadrant to the
north-west quadrant. The structure of positive and negative h3 is roughly elongated
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Figure 5.7: Comparison
between stellar kinematic
profiles extracted from the
SAURON (solid lines) and
Shapiro et al. data (2003;
crosses). From top to bot-
tom: mean velocity, ve-
locity dispersion, h3 and
h4. The SAURON data have
been averaged over a slit of
4′′(the central 3′′are unre-
liable due to the presence
of dominating emission-
lines). The mean ve-
locity and dispersion pro-
files originally published
by Shapiro et al. (2003) is
provided as circles (with
error bars).

along the position angle of the NIR bar. There is an elongated ring-like region of
positive values in the h4 map (with maxima around 0.06–0.1 between radii of 8 and
12′′) and a depression inside a radius R of 8′′ with h4 going slightly negative. We
cannot however follow this inward decrease of h4 for R < 4′′ because of the emission-
line contamination.

We now compare the kinematics published by Shapiro et al. (2003, hereafter
S+03) with our measurement using the same dataset. The central velocity dispersion
does not peak so clearly in the profiles re-extracted from the S+03 data: we were not
able to reproduce the high central σ value even by changing our stellar template or
spectral domain. There is also a slight flattening of the major-axis velocity gradient
in the central 2′′ in the S+03 profiles, which we do not see in our measurement. The
h3 profiles are anti-correlated with V with peak values of ±0.15 around 10′′ along the
major-axis. The h4 profiles exhibit a significant depression in the central 5′′ with a
negative minimum of ∼ −0.04 at the centre. The maximum value of h4 is reached at
a radius of about 14′′ along the major-axis and 10′′ along the minor-axis confirming
the elongation of this ring-like structure. The presence of a drop in the central disper-
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sion profile is in fact confirmed by K. Shapiro & J. Gerssen (private communication)
who reexamined this dataset and applied their own pixel fitting routine: the central
peak in the stellar velocity dispersion observed in S+03 seems to be due to the influ-
ence of the strong [NI] doublet when using a Fourier fitting program to extract the
kinematics. NGC 1068 is therefore a new candidate for the presence of a so-called
σ-drop (Emsellem et al. 2001; Wozniak et al. 2003; Márquez et al. 2003).

Overall the SAURON stellar kinematics averaged over a reconstructed slit of 2.′′4
compare reasonably well with the published long-slit data of S+03, although there
are significant discrepancies worth mentioning: the SAURON dispersion values are too
high on the western side of the major-axis, confirming the fact that the SAURON data
for this galaxy have a residual spatial variation of the spectral resolution. Our h3 data
does not show much of a gradient, contrarily to the profiles measured from the S+03
data. This mainly comes from our much poorer spectral resolution (σ = 108 km s−1,
as compared to about 30 km s−1 for S+03) and that relatively small variations in
the instrumental resolution across the field can affect the h3 measurements. This
obviously also affect our h4 measurements. However, the disagreement imply that
there may still be some

We do not see any hint for the decoupled kinematical structure claimed by Garcı́a-
Lorenzo et al. (1997, 1999). Although we cannot trust our stellar kinematics within
roughly the central 4′′, we should detect the large east-west velocity gradient illus-
trated by the pinched isovelocities in the maps of Garcı́a-Lorenzo et al. (1997). There
is also no hint of an abrupt velocity change in the minor-axis kinematics of S+03.
This suggests that the kinematical structure observed by Garcı́a-Lorenzo et al. (1997,
1999) may be an artefact in the INTEGRAL/WHT data.

5.4.3 Gas Distribution and Kinematics

The maps of the distribution and kinematics of the Hβ and [O iii] components, as
reconstructed from the results of multiple Gaussian fit of the data, are displayed in
Fig. 5.8.

Hβ emission from the narrow component is ubiquitous in our field of view but the
brightest region corresponds to the inner 3′′ of the galaxy. Away from these nuclear
regions, the narrow-component Hβ emission is dominated by the contribution of spi-
ral arms. The distribution of Hβ shows the known northern and southern spiral arms
although they seem nearly connected at this resolution. Comparison between the
total (all kinematical components included) and narrow-component-only Hβ maps
(top-left panels of Fig. 5.8) show little difference between the two maps outside from
the nuclear regions, outlining the fact that the narrow component dominates the Hβ
emission away from the nucleus.
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Figure 5.8: SAURON maps of the gas distribution and kinematics for NGC 1068. Top row
and from left to right: Distribution of the total, narrow component distribution, and velocity
and velocity dispersion for the Hβ component. Bottom row: Same as above, but for the [O iii]
component.

As for Hβ, emission from the inner 3′′ of the galaxy also dominates the narrow-
component [O iii] map. However, away from the nucleus the distribution of the [O iii]
emission differs significantly from the distribution of the Hβ one. The distribution of
the [O iii] emission is very asymmetric, thus found predominantly north-east of the
nucleus, and does not trace the spiral arms. Instead, it traces the northern ionisation
cone (e.g., Pogge 1988).

Despite the differences between the distribution of Hβ and [O iii], the overall
morphology of the Hβ and [O iii] velocity fields (see Fig. 5.8) is very similar. They
both display the prominent ‘S’-shaped structure, which is already present in the data
of Cecil, Bland and Tully (1990; see also section 5.4.4) and of Garcı́a-Lorenzo et al.
1999 (their Fig. 16). However, if we take a closer look at these velocity maps, we
can see differences between the [O iii] and Hβ velocities in some regions. We have
therefore built a map of v([O iii]) − v(Hβ), which is displayed in Fig. 5.9. Differences
up to ±150 km s−1 are measured, with uncertainties of typically 40 km s−1 (3σ).
Strong positive values of v([O iii]) − v(Hβ) are located in the south-east half of our
field of view, while strong negative values are found on the other half.

We also show the FWHM maps of Hβ and [O iii] (right panels of Fig. 5.8). In both
maps and if we exclude the nuclear regions, the regions of bright emission display a
FWHM lower than their lower-surface-brightness surroundings. We checked that this
was not a bias introduced by differences in signal to noise ratio between bright and
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Figure 5.9: Reconstructed map of
the difference between the centroid
velocities of the [O iii] and Hβ lines
of the narrow component, with con-
tours of the Hβ narrow-component
map superimosed. Contours: 10, 20
and 40 erg s−1 cm−2.

Figure 5.10: Reconstructed map
of the [O iii]λ5007 / Hβ ratio,
with contours of the Hβ narrow-
component map superimosed. Con-
tours: 10, 20 and 40 erg s−1 cm−2.
A clipping has been applied to the
map, putting to 0 pixels where the
relative accuracy of the ratio was
worse than 20% (only a few pixels
south-west of the nucleus).

weak regions†. The signal to noise ratio in our Hβ and [O iii] observations exceeds 20
over most of our field of view and our Monte-Carlo simulations (see section 5.2.4),
show that, in this case, our relative uncertainties on the measured FWHM values are
less than 10 % (3σ). We observe differences of the order of 1 Å for FWHM values

†There is a systematic trend to obtain larger FWHM values as a result from the fit when the signal
to noise ratio in a spectrum decreases. See chapter 4 for some tests on this.
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Figure 5.11: Distribution of the [O iii]λ5007 / Hβ ratio as a function of the angle θ with the
east-west axis (horizontal axis in the images). Data from the inner 5′′are not included in this
plot. Arrows indicate regions where strong positive (> 75 km s−1, arrow up) and negative (<
−75 km s−1, arrow down) differences between the [O iii] and Hβ velocities are observed.

of typically 5 Å and this trend is therefore real.

Finally, we have built the map of the [O iii]λ5007 / Hβ ratio (see Fig. 5.10). The
range of variation of this ratio is extremely large with Hβ dominating in the arms
(ratio below unity) and [O iii] dominating in the ionisation cone (ratio reaching values
up to 13-14). To illustrate the impact of the ionisation cone, we have plotted the
[O iii] / Hβ ratio as a function of θ, the angle with the horizontal axis of the image
(see Fig. 5.11). The peak of high [O iii] / Hβ ratio around θ = 30◦ corresponds to the
northern ionisation cone. Note that the presence of the well-defined peak suggests
that, within the cone, the excitation of the gas decreases from its centre to its edges.
This result must however be taken with caution as the regions responsible for this
peak are located at the edge of our field of view and it could be a truncation effect.

In the same figure, we have indicated the position of regions where large velocity
differences between [O iii] and Hβ have been observed. There does not seem to be
a systematic association between these regions and those with high [O iii] / Hβ ratio,
suggesting the we are not tracing material kinematically disturbed by the nuclear
activity.
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5.4.4 Comparison with Hα and CO Maps

The agreement between the SAURON Hβ flux and velocity maps with the correspond-
ing Hα maps (courtesy of J. Bland-Hawthorn), as shown in Fig. 5.12, is remarkable
considering the very different instrumental setup, and the fact that dust extinction
is present (Bruhweiler et al. 2001). Apart from the central few arcseconds, where
the scattering effects are important and AGN related emission is present, extinction
significantly affects Hβ (as probed by a ratio of Hα over Hβ well over 3) only in
the south-west part of the arm (SW clump at a radius of about 14′′; Bruhweiler et
al. 2001). In this context, note that the near side is south of the nucleus. Both the Hα
and Hβ velocity field exhibit the very strong spiral-like perturbation with the zero-
velocity curve displaying a very wavy shape. The Hα map will be analysed in more
detail in section 5.4.5.

A comparison between the maps of the 12CO(1-0) line flux and the corresponding
Hα emission is shown in Fig. 5.12. They are both roughly following the two-arms
spiral structure with a diameter of about 40′′≈ 2.8 kpc (often mentioned as the cir-
cumnuclear ring). There are however some very significant differences which we
emphasise here. Firstly, the Hα emission is much more asymmetric with respect to
the centre with a brighter northern arm. Secondly, the CO spiral is clearly offset from
the Hα arms: it is on the inner side of the SW Hα clump, but seems to lie outside the
Hα arm in the north-west. A similar comparison at higher spatial resolution using
the HST/WFPC2 images (Bruhweiler et al. 2001) shows that the CO and Hα distri-
butions are in fact roughly anti-correlated. This could be partly explained by the fact
that most of the Hα emitting regions are associated with starbursting regions. Davies
et al. (1998) thus showed that most of the young stars in the ring formed in compact
clusters in a relatively recent short burst within the last 30 Myr, about ten dynamical
time-scales at the radius of the ring. Extinction also plays a role here since AV of
∼ 1− 3 mag have been measured for these clusters (Davies et al. 1998). We therefore
do not expect a perfect coincidence between the CO and Hα emission-line gas (note
that according to Davies et al. 1998, the ionisation cone cannot have a significant
effect on the star formation).

5.4.5 Harmonic Analysis of the Hα Velocity Field

Our SAURON Hβ and [O iii] velocity fields, as well as the Hα map, exhibit complex
kinematic features such as ‘S’-shape or wobbles in the zero-velocity curve. We aim to
extract the effect of the prominent NIR bar or that of the spiral arms from the velocity
field of NGC 1068. Given that the Hα field covers a significantly larger area than the
SAURON field (at the expense of a shorter spectral coverage), we will therefore apply
our analysis method on the former. Assuming that circular motion is the dominant
feature, and that there is no strong warp in our field, we carry out an analysis based
on the harmonic decomposition of the line-of-sight velocity Vlos (SFdZ). This for-
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Figure 5.12: Top panels: comparison between the SAURON Hβ flux (contours, left panel)
and velocity (contours, right panel) and the corresponding Hα maps obtained by Bland-
Hawthorn et al. (1991) with a Fabry-Perot. The velocity step used for the SAURON isove-
locities is 25 km s−1. Bottom panels: comparison of the Hα maps with the CO distribution
(contours: Schinnerer et al. 2000). Note the excellent agreement between the SAURON and the
Fabry-Perot data.

malism implies expanding the Vlos field into harmonic series, where the first terms
(cos θ and sin θ) are the rotational and radial velocity components, and the higher
harmonic terms (cos mθ and sin mθ) provide information about perturbations on the
gravitational potential (see also chapter 3 of this thesis). The first, second, and third
harmonic components, are sufficient for studying specific elements of the perturba-
tions on the underlying potential. A perturbation of order m creates m − 1 and m + 1



Results 149

Hα Velocity Field Data

-40 -20 0 20 40
arcsec

-60

-40

-20

0

20

40

ar
cs

ec
Circular Component

-40 -20 0 20 40
arcsec

-60

-40

-20

0

20

40

ar
cs

ec

Non-circular Component

-40 -20 0 20 40
arcsec

-60

-40

-20

0

20

40

ar
cs

ec

Figure 5.13: The observed (left panel) and corresponding modelled circular velocity (mid-
dle panel) Hα velocity field. The circular velocity component was derived assuming an incli-
nation of 40◦, PA= 87◦, and Vsys= 1140 km s−1. The right panel presents the residual (data -
circular velocity component) map. The two rings indicate the area (5-55′′) within which the
tilted ring fit delivers reliable results.

line-of-sight velocity terms (e.g., Canzian 1993 and SFdZ), i.e., third harmonic terms
contain information about an m = 2 bar or a two-armed spiral perturbation.

To obtain the kinematic PA, the systemic velocity, and circular velocity contribu-
tion to the Hα Vlos as a function of galactocentric radius, we apply a tilted ring method
similar to that by Begeman (1987). We first assume an inclination of 40◦, then find
the best-fit PA and systemic velocity, followed by deriving the rotation curve. This
step yields PA= 87◦ and Vsys= 1140 km s−1, which are consistent with the values
mentioned in the rest of the present paper. Reconstruction of the circular velocity
component and subtraction from the observed velocity field yields the residual non-
circular velocities as presented in Fig. 5.13. We explore the non-circular velocity
components by fitting the residual map with the higher order harmonic terms up to
order 3. The second harmonic terms are mainly consistent with zero. The first and
third harmonic terms show a periodic behaviour similar to that of an analytically con-
structed logarithmic two-armed spiral perturbation as derived by Wong et al. (2004).
We construct a library of velocity fields perturbed by two armed spirals with differ-
ent spiral structure characteristics. The library of models include a range of pitch
angles, perturbation amplitudes, and spiral arm sizes (see Fig. 3.12). Comparing the
harmonic terms and the non-circular velocity features, with those of the constructed
models allows us to find a model which best resembles the observed features. We
find that the spiral model with pitch angle of 15◦, spiral amplitude of 0.25, and with
its corotation radius at 32.′′5 provides the best-fit to the observe Hα velocity field (see
Fig. 5.14). There are however some significant disagreement between this model
and the observed map, very probably due to the influence of the inner bar, the spiral
model alone being thus inadequate for describing the observed features. The latter
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Figure 5.14: The observed (left panel), the harmonic decomposition (middle) and the cor-
responding residual field. Also here we present the best-fit harmonic parameters. The same
presentation as Fig. 5.13 is adopted.

however provides an estimate for the pattern speed of the outer spiral structure with
an angular frequency of Ω ∼ 100 ± 5 km s−1 kpc−1.

5.5 Discussion and Conclusions

5.5.1 The Inner Bar and Stellar Kinematics

We have successfully obtained stellar and gaseous kinematics for NGC 1068 over a
large two-dimensional field covering the entire near-infrared inner (secondary) bar.
Although our spectra exhibit emission as well as absorption, we have been able to dis-
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entangle the two components, and derive the kinematics independently. Our SAURON
data provide a rather regular stellar velocity field, with no trace of an offset stellar
system as claimed by Garcı́a-Lorenzo et al. (1998). The SAURON two-dimensional
stellar kinematics clearly exhibits the effect of the presence of the inner bar.‡

We also detect a kinematical decoupling of the central 350 pc (5′′) in a reanalysis
of previously published long-slit data (S+03). We first observe a flattening of the h3

profile indicating a change of orbital structure within that region. We then detect a
flattening or even a drop in the central part of the stellar velocity dispersion profile.
This thus brings another candidate for a so-called σ-drop (Emsellem et al. 2001).
Such σ-drops were previously interpreted as the result of central gas accretion fol-
lowed by an episode of star formation (e.g., Wozniak et al. 2003).

5.5.2 Pattern Speeds and Resonances

The SAURON Hβ and [O iii] share rather different morphology, the [O iii] emission
being dominated by the well-known cone structure related to the nuclear activity.
Outside this region, we still observe large velocity differences up to 100 km s−1 and
rather normal [O iii] over Hβ line ratios. This suggests that the velocity differences
are the signatures of relatively slow shocks associated with the spiral structure, and
not with the nuclear activity. The gas kinematics exhibit strong departures from cir-
cular motion, with high amplitude inwards streaming which is, as mentioned by Rand
& Wallin (2004), expected if the gas lies within corotation. The tilted-ring model in-
deed provides an estimate of the pattern speed for the outer spiral of ∼ 100 km s−1,
corotation being then located at ≈ 32′′.

Rand & Wallin (2004) recently argued for two different pattern speeds for the
NIR inner bar and the spiral arm which surrounds it. They quote a value of Ωp ∼
135 ± 42 km s−1 kpc−1 for the bar and a lower value of ΩS

p ∼ 72 km s−1 kpc−1 for
the spiral. These experiments suggest that, even though they are associated, the outer
spiral and the bar may have different pattern speeds.

On the observational side, we attempted to estimate the pattern speed of the spiral
structure via the Tremaine-Weinberg method on the large-scale Hα maps of Bland-
Hawthorn et al. (1991). In order to apply this method, one should indeed have the
continuity equation, and gas does not follow that. However, application of the method
has been done on gas maps, and the results seem consistent with previously published
values (preliminary simulations by the Lyon group). We have decided to carry out the
exercise to assess whether, in NGC 1068, the Tremaine-Weinberg method provides
some reinforcement of previous attempts.

Although the application of this method on gas should be taken with caution, we

‡This is emphasised via a qualitative comparison with a N-body + SPH simulation where the bar
shows clear signatures in all first four moments. The simulations are not included in this thesis, but will
be presented in the paper which we aim to publish in the near future.
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Figure 5.15: Tremaine-
Weinberg method applied on
the Hα Fabry-Perot maps of
Bland-Hawthorn et al. (1991).
The averaged luminosity
weighted velocity is plotted
against the averaged luminosity
weighted coordinates along
slits parallel to the line of
nodes assuming PA= 90◦.
The best-fit slopes for the
outer points (R > 20′′) and
inner points (R < 20′′) are
shown as dotted and solid line,
respectively. Outside 20′′, we
derive Ωp ∼ 149 km s−1 kpc−1.

confirm the trend found by Rand & Wallin (2004) and clearly detect two different
patterns, for points inside or outside 20′′. The scatter of the < V > versus < X >

diagram (e.g., Rand & Wallin 2004) is rather small for the outer region with a well
defined slope of 80 km s−1 kpc−1 for a PA of 90◦. However this strongly varies from
63 to 100 km s−1 kpc−1 when we assume a PA varying from 85 to 95◦, a dependency
already emphasised by, e.g., Debattista & Williams (2004). The pattern speed of the
inner region is rather badly constrained by our data, an expected result considering
the stellar formation in this region: we nevertheless find values between 116 and
180 km s−1 kpc−1 for PA varying from 95 down to 85◦. Using a PA of 90◦, we find
Ωp ∼ 149 km s−1 kpc−1 broadly consistent with the value originally suggested by
Schinnerer et al. (1999), but in disagreement with the larger value proposed by Yuan
& Kuo (1998).

5.5.3 Driving Gas Towards the Centre

Schinnerer et al. (2000) estimated that the Inner Lindblad Resonance of the inner
bar should thus be located at a radius of about R < 6′′ or about 420 pc, nicely cor-
responding to the region where a molecular gas ring is observed. This would also
roughly coincides with the radius where we observe a significant stellar kinematical
decoupling.

Gathering all the pieces together we can tentatively draw a simple but consis-
tent picture: the inner NIR bar has driven gas within its Inner Lindblad Resonance,
thus forming a relatively cold stellar system within the central few hundreds parsecs.
In order to make the link with still smaller scales, we would need to obtain a high
resolution two-dimensional mapping of the stellar kinematics and populations in the
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inner few arcseconds.
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