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ABSTRACT
We explore the role that gravitational instability plays in NGC 1068, a nearby Seyfert galaxy
that exhibits unusually vigorous starburst activity. For this purpose, we use the Romeo–Falstad
disc instability diagnostics and data from the BIMA Survey of Nearby Galaxies, the Sloan
Digital Sky Survey and the Spectrographic Areal Unit for Research on Optical Nebulae. Our
analysis illustrates that NGC 1068 is a gravitationally unstable ‘monster’. Its starburst disc
is subject to unusually powerful instabilities. Several processes, including feedback from the
active galactic nucleus and starburst activity, try to quench such instabilities from inside out
by depressing the surface density of molecular gas across the central kpc, but they do not
succeed. Gravitational instability ‘wins’ because it is driven by the stars via their much higher
surface density. In this process, stars and molecular gas are strongly coupled, and it is such
a coupling that ultimately triggers local gravitational collapse/fragmentation in the molecular
gas.

Key words: instabilities – ISM: kinematics and dynamics – galaxies: individual: NGC 1068 –
galaxies: ISM – galaxies: kinematics and dynamics – galaxies: structure.

1 IN T RO D U C T I O N

NGC 1068 is one of the closest and most famous Seyfert 2 galaxies
(Khachikian & Weedman 1974). Since the discovery of its Seyfert 1
nucleus in linearly polarized light (Antonucci & Miller 1985), it
presents the strongest case for a unified model of active galactic
nuclei (AGNs).

NGC 1068 is also a powerful starburst galaxy. As highlighted
by Begelman (1997), vigorous star formation is observed ‘out in
the open’ on kpc scales (e.g. Lester et al. 1987; Telesco & Decher
1988; Bruhweiler, Truong & Altner 1991; Hutchings et al. 1991;
Neff et al. 1994). This is beautifully illustrated in Fig. 1, a false-
colour UV image of NGC 1068 observed by the UIT team (Neff
et al. 1994; Fanelli et al. 1997; Marcum et al. 2001). In this figure,
and in the rest of the paper, we adhere to the ‘Ringberg standards’
(Bland-Hawthorn et al. 1997) and adopt a distance of 14.4 Mpc, so
that 1 arcsec corresponds to 69.8 pc. Fig. 1 shows that, in addition to
the AGN, there is a population of luminous starburst knots spread
over a bright disc of size R ≈ 3 kpc, which is surrounded by a
fainter halo. The disc emits four times more UV flux than the AGN
(Fanelli et al. 1997), and the starburst knots are among the brightest
star formation regions known, perhaps the most luminous within a
distance of 30 Mpc (Neff et al. 1994).

�E-mail: romeo@chalmers.se

NGC 1068 displays the classic ‘bar within bar’ morphology, with
a starburst pseudo-ring of radius R ≈ 1.1 kpc located at the end of
the secondary bar (see Bland-Hawthorn et al. 1997 and references
therein). Schinnerer et al. (2000) analysed the structures and rotation
curve traced by the molecular gas, and estimated that the starburst
pseudo-ring (appearing as tightly wound spiral arms in CO) is close
both to the inner Lindblad resonance of the primary bar and to the
corotation resonance of the secondary bar. Emsellem et al. (2006)
analysed the gas and stellar dynamics of NGC 1068 in detail, using
a variety of data as well as numerical simulations, and found that
there is no clear mode coupling (resonance overlap) between the
two bars. In particular, the corotation resonance of the secondary
bar lies at R ≈ 2.2–2.3 kpc, i.e. well beyond the end of the bar
(R ≈ 1.1 kpc). They also showed that the secondary bar produces
clear signatures in the stellar kinematics, and that this structure
could drive a significant amount of gas down to the central 300 pc
(see Emsellem et al. 2006 for more details).

Gravitational instability is expected to play a significant role in
this scenario because of its link with star formation (e.g. Elmegreen
2012; Mac Low 2013), the growth of bars within bars and associated
structures (e.g. Shlosman, Frank & Begelman 1989). Brinks et al.
(1997) and Gallimore et al. (1999) estimated the value of Toomre’s
(1964) Q stability parameter in the starburst disc of NGC 1068,
considering both atomic and molecular gas, but they found no clear
evidence of gravitational instability. This result is not discourag-
ing. Disc instabilities are difficult to detect without more powerful
diagnostics (Romeo & Fathi 2015).
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What powers the starbursts of NGC 1068? 2361

Figure 1. False-colour UV image of NGC 1068, from the Ultraviolet Imag-
ing Telescope (UIT) on its Astro-1 Space Shuttle mission. The image is
displayed in a north-up east-left orientation. The three ellipses show the
innermost and the outermost radii of the analysis presented here (350 pc and
3 kpc), and the 1 kpc radius. The ellipses take into account the inclination
and position angle of the galaxy. Image courtesy of UIT and NASA.

Here, we explore this important aspect of the problem using the
disc instability diagnostics developed by Romeo & Wiegert (2011)
and Romeo & Falstad (2013), which have been used in a variety of
contexts (e.g. Hunter et al. 2013; Meurer, Zheng & de Blok 2013;
Zheng et al. 2013; Forbes et al. 2014; Genzel et al. 2014; Grebović
2014; Romeo & Agertz 2014; Westfall et al. 2014; Yim et al. 2014;
Agertz, Romeo & Grisdale 2015; Fathi et al. 2015; Goldbaum,
Krumholz & Forbes 2015; Romeo & Fathi 2015; Inoue et al. 2016;
Khoperskov et al. 2016; Williamson, Martel & Kawata 2016). To
detect gravitational instabilities across the starburst disc of NGC
1068, we consider not only molecular gas but also a component
that is still often disregarded when analysing the stability of spiral
galaxies: the stars! We do not consider atomic gas because, in the
starburst disc of NGC 1068, it has much lower surface density
and higher velocity dispersion than molecular gas (Brinks et al.
1997; Gallimore et al. 1999), hence it contributes much less to disc
instability (Romeo & Falstad 2013). For a similar reason, we do
not consider ionized gas. The data and method are described in
Section 2, the results are presented in Section 3 and discussed in
Section 4, and the conclusions are drawn in Section 5.

2 DATA A N D M E T H O D

As motivated in Section 1, we consider molecular hydrogen gas, as
traced by CO emission, and stars. A proper two-component stability
analysis requires radial profiles of five basic quantities: the epicyclic
frequency, κ , the surface densities of molecular gas and stars, �co

and ��, the molecular 1D (line-of-sight) velocity dispersion, σ co,
and the stellar radial velocity dispersion, σ �. Although for simplicity
we use similar notations, the last two quantities reflect an important
dynamical difference between molecular gas and stars. To first ap-
proximation, molecular gas is collisional so its velocity dispersion
is isotropic, while the stellar component is collisionless and has
an anisotropic velocity dispersion. We derive �co(R), σ co(R) and

κ(R) in Section 2.1, and ��(R) and σ �(R) in Section 2.2. Finally,
we present the disc instability diagnostics and compute their radial
profiles in Section 2.3.

2.1 Molecular gas

We use CO J(1 → 0) data from the BIMA Survey of Nearby
Galaxies (BIMA SONG; Helfer et al. 2003), which have a spatial
resolution of 8.9 arcsec × 5.6 arcsec, sampled at 1 arcsec pixel−1,
and a velocity resolution of 10 km s−1. To derive �co(R), σ co(R)
and κ(R) in NGC 1068, we use the same methodology as for NGC
6946 (Romeo & Fathi 2015) and NGC 7469 (Fathi et al. 2015),
which we re-describe below. Each part of the following procedure
was thoroughly tested by Romeo & Fathi (2015).

We derive spatial maps of �co and σ co by applying Gaussian
fits to the individual spectra. We find that our amplitude map
matches the zeroth-moment map presented by the BIMA SONG
team. The agreement is within 20 per cent, except where the CO
flux approaches the detection limit of the BIMA SONG survey
(R � 2 kpc). One advantage of applying Gaussian fits is that we
can get better covering maps if we use a Hanning smoothing algo-
rithm in the spectral direction before fitting the individual Gaussian
profiles (e.g. Hernandez et al. 2005; Daigle et al. 2006). This pro-
cedure does not affect the line amplitude or shift. However, it artifi-
cially broadens the individual spectra by δσ co ≈ 4.4 km s−1, which
we then subtract quadratically from the derived velocity dispersion
map. Finally, we apply a cleaning procedure by removing all the
spectra for which the emission line amplitude is smaller than twice
the rms noise (21 per cent of the spectra), or σ co is smaller than half
the velocity channel (3 per cent of the spectra), or the formal error in
the derived σ co is greater than 10 km s−1 (5 per cent of the spectra),
where the percentage specified in each case is computed inside a
box of 6 kpc (R = 3 kpc). In total, 24 per cent of the spectra are
removed. These are pixels where the CO flux approaches the detec-
tion limit of the BIMA SONG survey (R � 2 kpc). Therefore our
cleaning procedure does not introduce any significant physical bias
in the analysis of molecular gas. A careful inspection of the individ-
ual spectra reveals the presence of multiple components at different
locations, mostly in the central few 100 pc. In view of the good
agreement between our amplitude map and the zeroth-moment map
presented by the BIMA SONG team, and in view of the complica-
tions involved in multiple-profile fitting schemes (Blasco-Herrera
et al. 2010), we do not use profile decomposition methods. All
subsequent analysis is therefore based on single-Gaussian profile
fitting.

We derive �co(R) and σ co(R) using robust statistics, which are
especially useful when the data are few or contain a significant
fraction of outliers, or even when the data deviate significantly from
a normal distribution (e.g. Rousseeuw 1991; Müller 2000; Romeo,
Horellou & Bergh 2004; Huber & Ronchetti 2009; Feigelson &
Babu 2012). To derive the radial profiles of �co and σ co, we divide
their maps into tilted rings, which are circular in the plane of the
galaxy, and compute the median values of �co and σ co in each ring.
We then estimate the uncertainty in these median values via the
median absolute deviation (MAD):

�Xmed = 1.858 × MAD/
√

N, (1)

MAD = median{|Xi − Xmed|}, (2)

where Xi are the individual measurements of �co or σ co, Xmed is
their median value, and N is the number of resolution elements
in each ring (i.e. the number of pixels in the ring divided by the

MNRAS 460, 2360–2367 (2016)

 at C
halm

ers U
niversity of T

echnology on June 10, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/
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number of pixels per resolution element). Equations (1) and (2) are
the robust counterparts of the formula traditionally used for esti-
mating the uncertainty in the mean: �Xmean = SD/

√
N , where SD

denotes the standard deviation (see again Müller 2000).1 Indeed,
the median and the MAD provide robust statistical estimates of
the ‘central value’ and the ‘width’ of a data set, respectively, even
when almost 50 per cent of the data are outliers! Our numerous tests
with varying ring widths and radii confirm that the high quality
of the BIMA SONG data allows a derivation of �co and σ co in
rings narrower than the synthesized beam size of the interferomet-
ric observations. This is mainly thanks to the good sampling of the
resolution element. The smallest reliable step is found to be 200 pc.
This is the step size adopted throughout our analysis. A step size
of 300 pc does not change the derived values of �co and σ co sig-
nificantly, but makes their profiles sparsely sampled. As motivated
in Section 1, the �co and σ co profiles presented here are derived
up to R = 3 kpc, but we exclude the central R = 350 pc because
such a region is highly disturbed by a massive AGN-driven out-
flow (Garcı́a-Burillo et al. 2014). The surface density of molecular
gas is converted to physical units by adopting the standard CO-to-
H2 conversion factor, Xco = 2 × 1020 cm−2 (K km s−1)−1 (Bolatto,
Wolfire & Leroy 2013), consistent with Helfer et al. (2003). We
also correct for the contribution of helium multiplying by a factor
of 1.36.

We derive κ(R) from the observed rotation curve. To calculate
the rotation curve, we assume that circular rotation is the dominant
kinematic feature, and that our measurements refer to positions on
a single inclined disc. We then use the tilted ring method combined
with the harmonic decomposition formalism (e.g. Schoenmakers,
Franx & de Zeeuw 1997; Wong, Blitz & Bosma 2004; Fathi et al.
2005). This procedure does not correct for beam smearing (e.g.
Schinnerer et al. 2000; Teuben 2002; Caldú-Primo et al. 2013).
However, it corrects for and automatically models departures from
circular motion, which are significant in NGC 1068 (Fathi 2004;
Emsellem et al. 2006). Given that this procedure involves fitting
several parameters at each radius of the observed velocity field,
contrary to simply finding the median values of �co and σ co, we
cannot use the same initial step size. Hence we apply a larger
radial step, and interpolate linearly to obtain the rotation curve at
all radii where we have calculated the robust �co and σ co values.
Once the rotation curve Vrot is calculated at each radius R, we
derive the angular frequency � = Vrot/R and the epicyclic frequency
κ =

√
R d�2/dR + 4�2.

2.2 Stars

We adopt the high-quality ��(R) derived by Bakos & Trujillo (2012)
from Stripe 82 of the Sloan Digital Sky Survey (SDSS; Abazajian
et al. 2009). We also adopt the high-quality spatial map of stellar
line-of-sight velocity dispersion (σ los�) derived by Fathi (2004) and
Emsellem et al. (2006) from observations with the Spectrographic
Areal Unit for Research on Optical Nebulae (SAURON; Bacon et al.
2001).

1 In equation (1), the numerical constant C � 1.858 is the product of two
factors: C = C1C2. The factor C1 � 1/0.6745 converts the MAD into a
robust estimate of standard deviation: SD = C1 MAD (see equation 6 and
following unnumbered equation of Müller 2000). The factor C2 = √

π/2 �
1.253 converts uncertainty in the mean into uncertainty in the median:
�Xmed = C2 �Xmean = C2 SD/

√
N (see equation 8 of Müller 2000).

To derive σ �(R) from the SAURON σ los� map, we use the fol-
lowing method. We start from a general formula that expresses the
line-of-sight velocity dispersion (σ los) in terms of the radial (σ R),
tangential (σφ) and vertical (σ z) components:

σ 2
los = (

σ 2
R sin2 φ + σ 2

φ cos2 φ
)

sin2 i + σ 2
z cos2 i, (3)

where i is the inclination angle of the galaxy, and φ is the position
angle with respect to the major axis in the plane of the disc (see e.g.
Binney & Merrifield 1998). We introduce the two parameters A =
σφ/σ R and B = σ z/σ R, and rewrite equation (3) as

σR = σlos

[(
sin2 φ + A2 cos2 φ

)
sin2 i + B2 cos2 i

]−1/2
. (4)

While Aco ≈ Bco ≈ 1 (see Section 2), both A� and B� are significantly
different from unity. In fact, from the epicyclic approximation it
follows that A� ≈ κ/2� (see e.g. Binney & Tremaine 2008). And,
for an Sb galaxy like NGC 1068, B� ≈ 0.6 (Shapiro, Gerssen &
van der Marel 2003; Gerssen & Shapiro Griffin 2012). We estimate
A� and B� as above, and compute the spatial map of σ � from the
SAURON σ los� map via equation (4). Finally, we derive σ �(R)
using the same method as for σ co(R), but only up to R = 2 kpc. Our
numerous tests with varying ring radii and widths show that this
is the outer limit for extracting reliable stellar velocity dispersions
from the SAURON data.

2.3 Disc instability diagnostics

We use two disc instability diagnostics derived by Romeo & Falstad
(2013):

(i) a simple and accurate approximation for the Q stability pa-
rameter in multicomponent and realistically thick discs;

(ii) a corresponding approximation for the characteristic insta-
bility wavelength, i.e. the scale at which the disc becomes locally
unstable as Q drops below unity.

In our case (molecular gas plus stars) the Q stability parameter,
Qco+�, and the characteristic instability wavelength, λco+�, are given
by

1

Qco+�

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1

TcoQco
+ W

T�Q�

if TcoQco ≤ T�Q�,

W

TcoQco
+ 1

T�Q�

if TcoQco ≥ T�Q�,

(5)

λco+� =

⎧⎪⎪⎨
⎪⎪⎩

2π
σco

κ
if TcoQco < T�Q�,

2π
σ�

κ
if TcoQco > T�Q�,

(6)

where Qi = κσ i/πG�i is the Toomre parameter of component i, σ

denotes the radial velocity dispersion, and Ti and W are given by

Ti =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 + 0.6

(
σz

σR

)2

i

if 0 ≤ (σz/σR)i ≤ 0.5,

0.8 + 0.7

(
σz

σR

)
i

if 0.5 ≤ (σz/σR)i ≤ 1,

(7)

W = 2σcoσ�

σ 2
co + σ 2

�

. (8)

This set of equations tells us that the values of Qco+� and λco+�

are controlled by the component with smaller TQ. This is the com-
ponent that drives disc instabilities if Qco+� ≤ 1. The contribution
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of the other component is weakened by the W factor. For exam-
ple, if disc instabilities are driven by molecular gas and σ co 	 σ �,
then (to leading order) Qco+� ≈ TcoQco and λco+� = 2πσco/κ . Vice
versa, in the case of star-driven instabilities, Qco+� ≈ T�Q� and
λco+� = 2πσ�/κ . The radial profiles of Qco+� and λco+� can easily
be computed from the radial profiles derived in Sections 2.1 and 2.2,
and from the values of Tco and T�. If molecular gas is collisional, as
is generally assumed, then (σ z/σ R)co ≈ 1 and Tco ≈ 1.5. In contrast,
the velocity dispersion anisotropy of stars in NGC 1068 is (σ z/σ R)�
≈ 0.6 (Shapiro et al. 2003), hence T� ≈ 1.2.

To illustrate the predictive power of a proper two-component sta-
bility analysis, we will also consider molecular gas alone. In this
simple case, the Q stability parameter and the characteristic insta-
bility wavelength are Qco = 3

2 (κσco/πG�co) and λco = 2πσco/κ .

3 R ESULTS

3.1 Molecular gas

Let us first consider molecular gas, i.e. the component that is gen-
erally regarded as the main driver of disc instabilities in the inner
regions of spiral galaxies (e.g. Kennicutt 1989; Martin & Kennicutt
2001; Romeo & Falstad 2013).

Fig. 2 shows that �co(R) is depressed at small radii relative to
an exponential radial distribution, as was also pointed out by Re-
gan et al. (2001) and Helfer et al. (2003). Exponential distributions
are traditionally used for fitting the radial profiles of CO surface
brightness observed in nearby galaxies, and thus for inferring im-
portant physical parameters such as the scalelength of the molecular
disc and, when relevant, its central surface density (e.g. Young &
Scoville 1982; Young et al. 1995; Sakamoto et al. 1999; Regan et al.
2001; Helfer et al. 2003; Leroy et al. 2008, 2009). Fig. 2 shows that
�co(R) is well fitted by an exponential distribution only within a nar-
row radial range, 1 kpc < R < 2 kpc, i.e. approximately between the
starburst pseudo-ring (R ≈ 1.1 kpc) and the corotation resonance of
the secondary bar (R ≈ 2.2–2.3 kpc). This makes sense because the
central kpc is disturbed not only by a massive AGN-driven outflow
(Garcı́a-Burillo et al. 2014) but also by strong inward streaming
motions driven by the starburst pseudo-ring (Emsellem et al. 2006),
while radii R � 2 kpc are disturbed by a change in flow across the
corotation resonance of the secondary bar. This is particularly well
illustrated by the presence of a cusp in the radial profile of σ co. In
addition, for R � 2 kpc the CO flux approaches the detection limit
of the BIMA SONG survey (Regan et al. 2001; Helfer et al. 2003).

A robust, median-based, exponential fit to �co(R) for 1 kpc <

R < 2 kpc yields a scalelength of about 230 pc and an extrapolated
value of �co at R = 350 pc of about 2 × 104 M
 pc−2, compa-
rable to the stellar value. Given the small number of data points
in this radial range, and given their non-negligible error bars, it
might be that even a robust fit is significantly biased. However,
the resulting scalelength makes sense because it is similar to the
scalelength that characterizes the nuclear molecular disc of another
bar-within-bar galaxy: NGC 6946 (Romeo & Fathi 2015). The cen-
tral �co(R) depression has instead no match in NGC 6946. For a
galaxy with a massive AGN-driven outflow and intense starburst
activity such as NGC 1068, it seems natural to associate the central
�co(R) depression with AGN/stellar feedback (e.g. Karouzos et al.
2014; Storchi-Bergmann 2014; Agertz & Kravtsov 2015; Melioli
& de Gouveia Dal Pino 2015; Garcı́a-Burillo 2016; Hopkins et al.
2016). However, as pointed out by the referee, other processes can
contribute to the central �co(R) depression, e.g. the consumption of

Figure 2. Radial profiles of the epicyclic frequency (top), radial velocity
dispersion (middle) and surface density (bottom) of molecular gas and stars
in NGC 1068. The vertical lines represent the approximate radii of the star-
burst pseudo-ring (SP), secondary bar (SB) and its corotation resonance
(CR). The bottom and middle panels also show robust, median-based, ex-
ponential fits to �co(R) and σ co(R) for 1 kpc < R < 2 kpc, extrapolated
into the central kpc. The shaded region is highly disturbed by a massive
AGN-driven outflow (Garcı́a-Burillo et al. 2014), so the following central
(R = 200 pc) values are not shown and are excluded from our analysis: κ

= 860 km s−1 kpc−1, σ co = 80 ± 30 km s−1 and σ� = 130 ± 10 km s−1,
�co = (5.7 ± 0.8) × 102 M
 pc−2 and �� = (3.1 ± 0.7) × 104 M
 pc−2.

molecular gas by star formation and the transport of molecular gas
inwards by the action of the bar(s).

As can be seen in Fig. 2, σ co(R) also shows an exponential fall-off
for 1 kpc < R < 2 kpc, so we have also robustly fitted σ co(R) in this
radial range and extrapolated the fit back into the central kpc. The
resulting scalelength is about 3 kpc and the extrapolated value of
σ co at R = 350 pc is about 35 km s−1. Note, however, that the rise
of �σ co(R) = σ co(R) − σ fit(R) towards the centre can be caused by
other factors than the processes mentioned above, e.g. disc heating
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Figure 3. Radial profiles of the one-component Q stability parameter (top)
and characteristic instability wavelength (bottom) for the disc of molecular
gas in NGC 1068. The vertical lines represent the approximate radii of the
starburst pseudo-ring (SP), secondary bar (SB) and its corotation resonance
(CR). Also shown are predictions based on the fit to �co(R) (solid line) and
the fits to both �co(R) and σ co(R) (dashed lines) displayed in Fig. 2.

(Kormendy & Kennicutt 2004; Romeo & Fathi 2015) and beam
smearing (Schinnerer et al. 2000; Teuben 2002; Caldú-Primo et al.
2013).

3.2 Is the starburst disc gravitationally unstable?

Fig. 3 shows that Qco(R) has a deep minimum at R ≈ 1.1 kpc,
where its value gets close to unity, while the radial profile of Qco

extrapolated using �fit(R) (solid line) is well below unity for R <

1 kpc. Therefore the effect of the central �co(R) depression is to
raise the Qco stability parameter beyond its critical value (compare
the data points with the solid line). This quenches molecular-gas
instabilities from inside out, leaving the molecular disc marginally
unstable only within an extremely narrow radial range: the star-
burst pseudo-ring. Fig. 3 also shows that the radial profile of Qco

extrapolated using both �fit(R) and σ fit(R) (dashed line) is lower
than the one extrapolated using only �fit(R) (solid line) for R <

1 kpc. So the rise of �σ co(R) towards the centre strengthens the
stabilizing effect of the central �co(R) depression. And it does so
by diluting molecular-gas instabilities over larger scales (see now
the bottom panel of Fig. 3, and compare the data points with the
dashed line). Last but not least, note that λco(R) has a clear drop
at R ≈ 2.2–2.3 kpc. This result confirms that the radial profile of
the characteristic instability wavelength is a powerful diagnostic for
predicting the corotation resonances of bars within bars (Romeo &
Fathi 2015).

Figure 4. Radial profiles of the two-component Q stability parameter (top)
and characteristic instability wavelength (bottom) for the disc of molecular
gas and stars in NGC 1068. The data are colour coded so as to show
whether disc instabilities are driven by molecular gas or stars. The vertical
line represents the approximate radius of the starburst pseudo-ring (SP) and
secondary bar (SB).

3.3 Do not forget the stars!

Are gravitational instabilities really so marginally important in the
starburst disc of NGC 1068? And does the central �co(R) depression
really have such a strong impact on them? To answer these ques-
tions, we must consider a component that is still often disregarded
when analysing the stability of spiral galaxies: the stars. ��(R) and
σ �(R) are shown in Fig. 2, while the resultingQco+�(R) and λco+�(R)
are shown in Fig. 4. This figure illustrates two important results:

(i) the starburst disc of NGC 1068 is subject to violent and large-
scale gravitational instabilities;

(ii) in the current evolutionary phase of NGC 1068, the central
�co(R) depression does not have a strong impact on disc instabilities
because these are entirely driven by the stars.

At R = 2 kpc, the outer radius imposed by the SAURON data, there
is still no sign of transition to local stability or to a gas-driven
regime. This is unusual for a nearby star-forming galaxy, as we will
discuss in Section 4 together with other aspects of the problem.

Can star-driven instabilities lead to local gravitational col-
lapse/fragmentation in the molecular gas? To answer this question,
we should understand in more detail how molecular gas and stars
contribute to disc instabilities. This is shown in Fig. 5. Inside the
‘two-phase region’, the contributions of molecular gas and stars to
the gravitational instability of the disc peak at two different wave-
lengths (Bertin & Romeo 1988; Romeo & Wiegert 2011). In the
‘gaseous phase’, the short-wavelength peak is higher than the other
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What powers the starbursts of NGC 1068? 2365

Figure 5. The parameter plane of two-component disc instabilities pop-
ulated by the NGC 1068 data. Here σ co and σ� are the radial velocity
dispersions of molecular gas and stars, Qco and Q� are their Toomre param-
eters. Outside the ‘two-phase region’, the responses of the two components
to perturbations are coupled. So star-driven instabilities can also lead to local
gravitational collapse/fragmentation in the molecular gas.

one and molecular gas will dominate the onset of gravitational in-
stability. Vice versa, in the ‘stellar phase’, the long-wavelength peak
is higher and stars will dominate. The shape and size of this region
are only moderately affected by disc thickness (Romeo & Wiegert
2011), gas turbulence (Hoffmann & Romeo 2012) or the fact that
the stellar component is collisionless (Romeo & Falstad 2013). In
the rest of the parameter plane, the dynamical responses of the two
components are strongly coupled and peak at a single wavelength.
This means that any instability driven by one of the components
will also perturb and destabilize the other. In particular, star-driven
instabilities will lead to local gravitational collapse/fragmentation
in the molecular gas. This is clearly the case for NGC 1068, as all
of the data fall outside the two-phase region.

4 D ISCUSSION

4.1 How unusual is NGC 1068?

To estimate how unusual NGC 1068 is, consider the nearby star-
forming galaxies that have been analysed using the Romeo–Falstad
disc instability diagnostics (see references in Section 1). These
are more than 50 galaxies selected from BIMA SONG, DiskMass,
HERACLES, SINGS, THINGS and other surveys. Among these
galaxies, NGC 1068 is the only one in which Q(R) is well below
unity across such a wide radial range (see Fig. 4). NGC 1068 is also
the only galaxy in which disc instabilities are entirely driven by
the stars. Most of the other galaxies are instead in stable (〈Q〉 ∼ 2)
star-driven regimes characterized by a strong star–gas coupling. For
THINGS spirals, this is illustrated in figs 3–5 of Romeo & Falstad
(2013). In view of these facts, it seems natural to associate the
unusually violent and large-scale gravitational instabilities detected
in NGC 1068 with the unusually intense and widespread starbursts

observed in this galaxy (see references in Section 1). However, this
link is most likely indirect and mediated by several processes (e.g.
Elmegreen 2012; Mac Low 2013; Forbes et al. 2014; Goldbaum
et al. 2015), which all together lead to a roughly constant depletion
time in the molecular gas (see chapters 9 and 10 of Krumholz 2015).

If we consider the high-redshift star-forming galaxies analysed
by Genzel et al. (2014), then NGC 1068 seems less unusual, at least
from a qualitative point of view. In fact, SINS/zC-SINF galaxies at
z∼ 2 display rings and central depressions in the inferred gas surface
density, powerful AGN-driven nuclear outflows (Förster Schreiber
et al. 2014), intense and widespread bursts of star formation, as well
as violent and large-scale gravitational instabilities (see fig. 24 of
Genzel et al. 2014). In spite of such similarities, there is an important
qualitative difference: in these galaxies, disc instabilities are driven
by molecular gas and the young generation of stars (Romeo &
Agertz 2014), rather than by the older stellar populations. This adds
to the well-known quantitative differences that exist between high-
redshift galaxies and even their most extreme nearby analogues (e.g.
Elmegreen et al. 2013; Glazebrook 2013; Garland et al. 2015).

A fairer comparison would be between NGC 1068 and other
nearby Seyfert+starburst galaxies. Unfortunately, to the best of our
knowledge, NGC 1068 is the only galaxy of this type that has been
analysed using two-component disc instability diagnostics, i.e. con-
sidering not only molecular gas but also stars. In view of the interest-
ing and unexpected results found in this paper, it would be of great
importance to extend our analysis to other nearby Seyfert+starburst
galaxies, and to explore the link between gravitational instability
and star formation in such galaxies.

4.2 Highly non-trivial aspects of the problem

Like the original Toomre parameter, Q measures the stability of the
disc against local, axisymmetric, linear perturbations. Relaxing any
one of these three basic assumptions discloses a highly non-trivial
aspect of the problem (see e.g. Binney & Tremaine 2008; Bertin
2014). Since we have already discussed this issue in previous papers,
here we only summarize the main points.

(i) The assumption of local perturbations corresponds to the con-
dition kR � 1, i.e. λ 	 2πR, where k and λ denote the radial
wavenumber and the radial wavelength, respectively. It is easy to
check that NGC 1068 satisfies this short-wavelength approxima-
tion (see the bottom panels of Figs 3 and 4), and so do most spiral
galaxies (see fig. 6 and section 3 of Romeo & Falstad 2013).

(ii) The assumption of axisymmetric, or tightly wound, pertur-
bations is not so general (see section 5.2 of Romeo & Fathi 2015).
Non-axisymmetric perturbations have a destabilizing effect, i.e. a
disc with 1 < Q ≤ Qcrit is still locally unstable against such pertur-
bations. Unfortunately, there is still no general consensus about the
value of Qcrit. For example, Griv & Gedalin (2012) found that the
classical estimate Qcrit ≈ 2 is an absolute upper limit on the critical
stability level. Elmegreen (2011) showed that gas dissipation has a
similar destabilizing effect, and estimated that Qcrit ≈ 2–3. If one
assumes this local stability threshold, then the nearby star-forming
galaxies considered in Section 4.1 are close to marginal instability
or unstable, while NGC 1068 is still unusually unstable.

(iii) The less restrictive assumption of local non-axisymmetric
perturbations is also quite controversial (see section 3 of Romeo &
Falstad 2013). While there is a general consensus that locally stable
discs can be globally unstable as regards spiral structure formation,
the dynamics and evolution of spiral structure depend critically on
the radial profile ofQ (see e.g. Bertin & Lin 1996). Our results about
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Q(R) in NGC 1068 have no direct implications for that problem
because they concern the inner R = 2 kpc, not the whole disc of
NGC 1068.

(iv) The assumption of linear perturbations is questionable for
media with large-amplitude fluctuations such as the interstellar gas,
where non-linear phenomena like turbulence and shocks are ubiq-
uitous (see e.g. Shu 1992). Non-linear effects are also important
for the dynamics of bars (see e.g. Athanassoula 2013; Sellwood
2014) and for the evolution of spiral structure in galaxies (see e.g.
Bertin & Lin 1996; Zhang 2012). In other words, this is the most
complex aspect of the problem, and is still mostly unsolved! Inoue
et al. (2016) investigated the onset and evolution of violent disc
instabilities in high-redshift star-forming galaxies, using state-of-
the-art simulations and diagnostics, and discussed the importance
of non-linear effects in this process. They showed that violent disc
instabilities can occur even when Q is well above unity, and that
non-linear effects play an important role in the formation of gas
clumps. Romeo, Burkert & Agertz (2010) and Romeo & Agertz
(2014) showed that gas turbulence can excite three main instabil-
ity regimes in high-redshift star-forming galaxies, and that two of
such regimes have no classical counterpart: violent disc instabilities
can occur at scales comparable to the size of gas clumps (∼1 kpc)
even when the inferred value of Q is arbitrarily large! In nearby
star-forming galaxies, the onset of disc instabilities is instead con-
trolled by the value of Q at scales larger than ∼100 pc (Hoffmann
& Romeo 2012; Agertz et al. 2015). This is clearly the case for
NGC 1068, as the BIMA SONG data have a spatial resolution of
∼600 pc × 400 pc (see Section 2.1).

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

In this paper, we have explored the role that gravitational instabil-
ity plays in NGC 1068, using robust statistics as well as reliable
and predictive diagnostics. Our major conclusions are pointed out
below.

(i) The starburst disc of NGC 1068 hosts unusually violent and
large-scale gravitational instabilities, which are entirely driven by
the self-gravity of the stars. In the instability process, stars and
molecular gas are strongly coupled, and such a coupling leads to
local gravitational collapse/fragmentation in the molecular gas. A
comparison with other nearby star-forming galaxies suggests that
there is a link between such instabilities and the unusually intense
and widespread bursts of star formation observed in NGC 1068,
although this link is most likely indirect and mediated by several
processes.

(ii) Several processes, including feedback from the AGN and
starburst activity, tend to quench disc instabilities from inside out
by flattening down the surface density of molecular gas across the
central kpc. In the current evolutionary phase of NGC 1068, this is
nevertheless a second-order effect since disc instabilities are driven
by the much higher stellar surface density, as pointed out above.

(iii) Our results illustrate that even localized structures such as the
starburst pseudo-ring and the secondary bar of NGC 1068 produce
clear signatures in the radial profiles of the Romeo–Falstad Q stabil-
ity parameter, QRF, and characteristic instability wavelength, λRF.
Since similar signatures have been detected in NGC 6946 (Romeo
& Fathi 2015) and NGC 7469 (Fathi et al. 2015), QRF and λRF are
promising diagnostics for probing the link between gravitational
instabilities, starbursts and inner structures in galaxy discs, a topic
that we will address further in future work.
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