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Figure 2. Close-up view of the southern group. The colour of the maser
features indicates a detection epoch: epoch 1 (blue); epoch 2 (light blue);
epoch 3 (green); epoch 4 (light green); epoch 5 (yellow); epoch 6 (red).
The kink area containing the brightest features is indicated by the dashed
circle.

 

Figure 3. Relative proper-motion vectors. An arrow indicates the feature-
averaged relative proper-motion vector. The southern and middle groups
show expanding motion from the northern group. In the southern group,
many relative motions are perpendicular to the maser alignment.
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Figure 4. Relation between relative proper motion and intensity. Almost all
the strong (>30 Jy beam−1) features show small (<5 mas yr−1) motions.
This steep inverse correlation can be interpreted as the effect of the internal
motion of the gas layer. The best-fitting power-law index is −1.6 and the
correlation coefficient is 0.42.

4 D ISCUSSION

4.1 Interaction model

The two wings show clearly different properties in their proper-
motion velocities and velocity gradient along the alignment. How-
ever, their continuous alignment strongly suggests that they are
excited in a single gas layer. From this point of view, we try to
explain these differences with the highly clumpy structure of their
parental cloud.

4.1.1 Motion of the gas layer

As a first step, we examine the analytical treatment of the motion
of the gas layer with simple plane parallel approximation, where a
bipolar outflow strikes a uniform plane of the parental cloud and
sweeps up the gas into a thin layer. In this compressed layer, one
side is pressed by ram pressure and another side is supported by
thermal pressure. An equation of motion for the gas layer is given
by

d
dt

(RρcloudṘ) = ρflowv2
flow, (1)

where ρ, v and R are the density, velocity and compressed length
of the parental cloud, respectively. The left side corresponds to the
time derivation of momentum per unit area of the layer. The right
side of the equation corresponds to the ram pressure of the flow.

We simply assume ρcloud as constant. Then, equation (1) is trans-
formed into

Ṙ =
(

nflow

ncloud
v2

flow − RR̈

)1/2

, (2)

where nflow and ncloud are the number densities of molecular hydro-
gen in the bipolar outflow and the parental cloud, respectively. R
is still small a short time after the interaction, and hence we can
assume R = 0 and equation (2) directly gives an initial velocity of
the layer:

Ṙ0 =
(

nflow

ncloud

)1/2

vflow. (3)

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 390, 523–534
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Figure 2. A part of the 1-GHz-wide spectrum taken by the NRO 45 m telescope. We marked all identified lines including the targeted SiO (υ = 0, J = 2−1)
transition. The subplot shows the magnified spectrum of the SiO line. The blue and red dotted lines indicate the most red (+87 km s−1) and blue-shifted
(−120 km s−1) H2O maser component reported in MO11 and CP08, respectively. The systemic velocity of −5 km s−1 is also indicated by the green dotted
line. The black horizontal line shows zero level determined by a linear baseline subtraction. The apparent emission at 86.78 GHz is a reflected image of C34S
(J = 2–1) line at 96.412 9495 GHz in the upper sideband.

Our scenario is a natural explanation from the view point of a
core collapse and disc accretion, i.e. a younger object has a more
massive and dense accretion disc. It can consistently explain why
DBSMs are observed in the youngest evolutional phase of HMPOs
(e.g. Breen et al. 2010). The expected pole-on geometry of DBSM
is also suitable for the scenario, for example, the inclination angle of
the jet in G353 estimated from the LOS velocity and maser proper
motion is smaller than 30◦ (see MO11). This pole-on geometry can
allow a disc to mask significant fraction of the red-shifted jet, al-
though the detection of highly red-shifted component of +87 km s−1

suggests that the masking effect is incomplete, possibly because of
a relatively small disc size compared to the jet.

Fig. 3 shows a schematic view of the expected source geometry.
If our scenario is true, the optically thick 22 GHz emission detected
by the ATCA should be a combination of an unresolved optically
thick disc and an extended radio jet. The apparent geometry, where
blue-shifted masers are enclosed by the radio jet, may require that
the radio jet itself is optically thin at 22 GHz. A direct imaging
of the unusual SiO jet and cm–mm continuum in G353 with a
100 mas resolution is absolutely necessary to verify our scenario.
It will be a first step of further statistical discussion about exact
natures of DBSMs. A proper motion measurement of the jet is
also important to understand the relation between the ionized and
molecular component of the jet.

AC KNOWLEDGMENTS

The authors thank the staff members of the ATCA, NRO and VERA
for their generous assistance in the observations and data reductions.
The ATCA is part of the Australia Telescope National Facility which
is funded by the Commonwealth of Australia for operation as a Na-
tional Facility managed by CSIRO. The NRO is a branch of National
Astronomical Observatory of Japan. The VERA is operated by the
Mizusawa VLBI observatory that is also a branch of National Astro-
nomical Observatory of Japan. This work was financially supported
by the Grant-in-Aid for the Japan Society for the Promotion of
Science Fellows (KM).

Figure 3. Schematic view of the source geometry in our ‘disc-masking’
scenario.
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Table 1. Summary of VERA observations.

Epoch Date Synthesized beam PA 1σ noisea DNp
b/DNs Positional error Comments

(mas × mas) (◦) (Jy beam−1) (σ ) (mas × mas) for Tsys

1 2008/7/1 3.16 × 0.74 −17.1 0.48 13/117 0.15 × 0.49 –
2 2008/11/18 3.38 × 0.78 −21.7 0.30 6 /49 0.92 × 2.15 ∼1000 K at OG
3 2009/2/6 2.63 × 0.91 −14.1 0.37 14/351 0.06 × 0.24 –
4 2009/5/18 2.57 × 0.88 −13.2 0.30 16/1122 0.04 × 0.16
5 2009/9/16 2.86 × 0.82 −12.3 0.37 10/19 0.11 × 0.48 –
6 2009/11/5 2.79 × 0.79 −13.3 0.16 15/338 0.23 × 0.98 –
7 2010/1/21 3.15 × 0.85 −19.5 0.21 15/72 0.09 × 0.25 ∼2000 K at OG
8 2010/4/21 2.59 × 0.75 −14.1 0.40 12/184 0.10 × 0.41 ∼1500 K at IS

aTypical value in self-calibrated images.
bThe dynamic ranges of the brightest spot in phase-referenced (DNp) and self-calibrated (DNs) images.
cIR, IS, OG: Iriki, Ishigaki, Ogasawara stations, respectively.

Figure 1. Spatial and velocity distribution of all maser spots in G353. Coloured triangles indicate detected maser spots and their VLSR values. The coordinate
origin is (α, δ)J2000.0 = (17h26m01.s5883, −34◦15′14.′′905), which is the position of the brightest maser spot in the second VLBI epoch.

exhibited in this figure, since several maser features have signifi-
cant velocity width and spatial elongation. Detailed parameters of
identified maser features are listed in Table 2. The x and y axes
and colour show the right ascension offset ($α × cos δ), decli-
nation offset ($δ) and VLSR, respectively. The coordinate origin
is (α, δ)J2000.0 = (17h26m 01.s5883, −34◦15′14.′′905), which is the
absolute position of the brightest maser spot in the second VLBI
epoch. This position is consistent with CP08’s position within the
range of errors.

Estimated errors of our position measurements are listed in Ta-
ble 1. We have evaluated three error sources, i.e. thermal noise in
the phase-referenced images, errors of baseline vectors and atmo-

spheric phase fluctuations, in the same way as Nakagawa et al.
(2008). The atmospheric zenith delay residuals (∼0.7 cm on av-
erage) are determined by the image-optimizing method (Honma
et al. 2007; Honma, Tamura & Reid 2008). The largest atmospheric
residuals (∼3 cm) were found in the second VLBI epoch, where the
estimated error reached 1 mas in the x and 2 mas in the y direction.
The relative position uncertainty between each maser spot is, on the
other hand, typically 30 µas in the x and 100 µas in the y directions,
based on thermal noise in the self-calibrated images.

All maser spots have been found within a 200 mas × 100 mas
area. This corresponds to 350 au × 200 au at a source distance of
1.7 kpc. We have detected successive maser alignment, which looks

C© 2011 The Authors, MNRAS 417, 238–249
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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Fig. 7.— Molecular line emission in the nuclear region of NGC 253. Each map shows integrated emission from a di↵erent transition
mapped by ALMA or the SMA (the C18O (2-1) and 1mm continuum Sakamoto et al. 2011). Stars indicate peaks of molecular clouds
(Table 3 and Figure 9). A circle in the bottom left indicates the resolution. Successive contours are spaced by factors of

p

2 and run
over the following ranges (in K km s�1): 12CO 50!3200; C18O: 1 ! 512; C17O: 1 ! 11; HCN, HCO+, CS: 2!1024; H13CN, H13CO+:
3!136; 1mm: 24!6400 MJyr sr�1. O↵sets are measured from ↵ = 0h47m33.14s, � = �25�17017.5200 with the gray line indicating the
adopted position angle of the starburst.

masses assuming a wavelength dependence of the opacity
⌧ / ��� with � = 1.5 and mass absorption coe�cient
of dust at 250µm 250 = 10cm2 g�1. Using �, we calcu-
late  at � = 1mm and 850µm. We adopt Tdust = 35 K
and test a plausible range 15–50 K (Weiß et al. 2008).
This matches our adopted gas temperature but we note
that the densities, while high, are not necessarily high
enough that the temperatures must be coupled. From
the intensity at 850µm and 1mm, we calculate the opti-
cal depth, ⌧ , and convert this to a mass surface density
of dust using . We translate this to a surface density of
gas assuming a dust-to-gas ratio 1-to-150.
Thus we have six mass estimates: four optically thin

lines and two dust bands which we calculate for a rep-
resentative range of temperatures. Figure 11 compares
these estimates, which show a factor of ⇠ 3 scatter. This

appears to represent a reasonable uncertainty, reflecting
our underlying uncertainty in Tex, the molecular and dust
abundances, and observational systematics (e.g., aper-
ture corrections, resolution and projection e↵ects, (u, v)
coverage). We take the scatter among mass estimates
as our uncertainty and, lacking a strong reason to pre-
fer one estimate, use the median among all estimates as
our mass estimate. Note that Figure 11 demonstrates
that the uncertainty in the mass estimation is largely
systematic; e.g., the optically thin tracers H13CO+ and
H13CN return the highest masses for almost all clouds, so
that adjusting their abundances down by a factor of ⇡ 2
would bring most of our tracers into substantial agree-
ment (leaving the SMA C18O as the outlier). Future
multi-transition studies will refine our knowledge of the
abundances, excitation, deviations from LTE, and con-

(Koda et al. 2009ś�O; Leroy et al. 2014ś�O)�
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No. 1, 2003 MARCONI & HUNT L23

Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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