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Abstract

We present 12CO(2–1) observations towards the dwarf galaxy NGC 5253 using the Sub-
millimeter Array. The data shows that a large amount of molecular gas is located in
the central ∼ 200 pc starburst region, physically associated with two young super stellar
clusters (SSCs). The molecular gas traced by 12CO(2–1) is elongated along the minor axis
(dust lane) of the galaxy and its kinematics suggest that there is an inflow of molecular
gas to the direction of the central SSCs, as is also observed in H I gas at a larger scale.
Due to their correlation in spatial and velocity domains, the central SSCs were likely
formed from molecular gas in the nucleus. We compare the 12CO(2–1) with available
H2 1–0 S(1) data, and show that while the relatively cold gas traced by 12CO(2–1) is dis-
tributed around the central starburst region but also along the dust lane, the warm gas
traced by H2 1–0 S(1) is associated with the central H II region and other star-forming
regions. Interestingly, a cavity in the H2 1–0 S(1) emission is found to be spatially corre-
lated with a Hα shell. This Hα shell may trace a bipolar outflow from the central SSCs
and the H2 1–0 S(1) gas, the gas shocked by the outflow encountering the surrounding
quiescent gas. We calculate a molecular gas inflow rate of ∼ 2 M� yr−1, a star formation
rate of 0.3–0.5 M� yr−1, and an ionized gas outflow being emitted from the SSCs with a
rate of (5–25)× 10−3 f M� yr−1, where f is a volume filling factor.

Key words: galaxies: individual (NGC 5253) — galaxies: starburst — ISM: jets and outflows

1 Introduction

The nearest (d = 3.8 Mpc: Sakai et al. 2004) young nuclear
starburst, NGC 5253, is arguably the best laboratory for
understanding the star formation process at the very early

stage of a starburst (Martı́n-Hernández et al. 2005;
Caldwell & Phillips 1989). NGC 5253 is a compact blue
dwarf galaxy, hosting several young clusters with ages
ranging between < 2.5 and 50 Myr (Calzetti et al. 1997)

C© The Author 2014. Published by Oxford University Press on behalf of the Astronomical Society of Japan.
All rights reserved. For Permissions, please email: journals.permissions@oup.com

 at N
ational A

stronom
ical O

bservatory of Japan on Septem
ber 28, 2015

http://pasj.oxfordjournals.org/
D

ow
nloaded from

 

mailto:rie.miura@nao.ac.jp
http://pasj.oxfordjournals.org/


L1-2 Publications of the Astronomical Society of Japan (2015), Vol. 67, No. 1

Fig. 1. Top: The three-color composite image of HST/ACS F300W (blue),
F658N (Hα; green), and F814W (red) images. The locations of important
regions discussed in this letter are denoted. The field of view of the
SMA observations is shown as a circle. Bottom: The SMA CO(2–1) map
of NGC 5253 in color scale and black contour. Black contour levels are
3 σ , 6 σ , and 9 σ , where 1 σ = 0.9 Jy beam−1 km s−1. The blue contours
correspond to the 230 GHz continuum emission. Blue contour levels are
3 and 6 σ , where 1 σ = 3 mJy beam−1. The yellow star corresponds to the
two massive and young SSCs. The black crosses are the two identified
GMCs in this study. The red crosses are the five GMCs identified by
M02. The synthesized beam size of the SMA observations is shown at
the bottom right corner. (Color online)

and experiencing a few bursts in a short period (Davies
et al. 1998). In the center of the galaxy, for which
we assume α = 13h39m55.s7 δ =−31◦38′24 .′′4 (J2000.0)
following Turner and Beck (2004), there is a deeply
embedded radio compact (1–2 pc size) H II region excited
by 4700 O stars (Turner et al. 2000). It is powered by two
massive (∼ 3 × 106 M�) and young (∼ 3.5 Myr) super stellar
clusters (SSCs) separated by 0 .′′3 (correponding to ∼ 6 pc;
Alonso-Herrero et al. 2004; Vanzi & Sauvage 2004).

The ionized gas around the central SSCs forms a
giant H II region with multiple bubbles extending up to
more than 100 pc (figure 1). The bubbles extend in the
west–east direction from the central SSCs. The Hα line
profiles of the bubbles are composed of three compo-
nents: a broad component and two narrow components
(Monreal-Ibero et al. 2010). Monreal-Ibero et al. (2010)
interpreted that the broad and narrow components cor-

respond to the outflow from the SSCs that expels the
ambient gas and to the quiescent gas that the bipolar out-
flow has encountered, respectively. This scenario is also
supported by the finding of diffuse X-ray components along
the bipolar outflow (Summers et al. 2004). This implies
that the Hα cone is filled with hot X-ray gas, as is also
seen in starbursts such as NGC 253 (Boomsma et al. 2005;
Strickland et al. 2002).

Just south of the central giant H II region and along the
minor axis of the galaxy, there is a dust lane causing sig-
nificant extinction in the optical image (see figure 1). The
distribution of atomic gas (H I) is elongated along the dust
lane, which is also the direction to M83 and other M83 sub-
group members (Kobulnicky & Skillman 2008). The origin
of the burst in NGC 5253 is believed to be due to infall of
H I gas caused by the past interaction between this galaxy
and the spiral galaxy M83 (Kobulnicky & Skillman 2008;
López-Sánchez et al. 2012).

Several attempts have been made to detect CO transi-
tions toward NGC 5253 to understand the properties of
the molecular gas that fuel this starburst. Turner, Beck, and
Hurt (1997) and Hirashita (2013) presented observations
that resulted in marginal or no detections due to lack of
sensitivity. Meier, Turner, and Beck (2002, hereafter M02)
reported CO(2–1) emission detection along the dust lane
using the Owens Valley Millimeter Array (OVRO), with
resolutions of 10′′ × 5′′ (∼ 177 pc × 88 pc). They suggested
that the kinematics of the molecular gas support molec-
ular gas inflow towards the center where the young SSCs
are located.

In this letter, we present more sensitive new CO(2–1)
and 230 GHz continuum observations obtained with the
Submillimeter Array (SMA)1 toward NGC 5253. We dis-
cuss the molecular gas inflow motion and calculate star for-
mation rate (SFR) based on the continuum image. We also
compare these data with other wavelength data to discuss
the properties of gas outflow from the SSCs using available
HST Hα and H2 1–0 S(1) data (Davies et al. 1998).

2 Observations

12CO(2–1) and 230 GHz continuum observations were per-
formed towards NGC 5253 in 2009 September using the
SMA for an observation time of two hours, as part of the
legacy project B0DEGA (Espada et al. 2010). The full width
at half maximum of the primary beam of SMA at 230 GHz
is 52′′ (∼ 1 kpc at the distance of 3.8 Mpc), which is enough
to cover in a single pointing the nuclear region and also the
dust lane.

1 The SMA is a joint project between the Smithsonian Astrophysical Observatory and
the Academia Sinica Institute of Astronomy and Astrophysics, and is funded by the
Smithsonian Institution and the Academia Sinica.
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The SMA data was reduced using the software package
MIR-IDL,2 and imaged using Miriad (Sault et al. 1995).
Imaging was made with natural weighting. The resulting
synthesized beam of the 12CO images is 11′′ × 4′′, elon-
gated due to the low elevation of the source at the SMA
site. The final data cube and continuum data have a typ-
ical noise level of 0.03 Jy beam−1 at a velocity resolution
of 20 km s−1 (corresponding to 15 MHz) with a number
of channels of 25, and 3 mJy beam−1, respectively. The
sensitivity of our data (80 mJy beam−1 at 5 km s−1 reso-
lution) is better than that of M02 (100 mJy beam−1 at
5 km s−1), while the resolution is similar to theirs (10′′ × 5′′).
The continuum emission data was obtained from the line-
free channels in the upper sideband. The effective band-
width of line-free channels is 1.9 GHz. The 13CO(2–1) and
C18O(2–1) emission lines were observed simultaneously in
the lower sideband, but they were not detected in the data.

We compare the recovered total flux in the SMA
interferometric observations with that of single-dish
CO(2–1) data (Meier et al. 2001). M02 have reported
a single-dish integrated intensity of 2.58 K km s−1, corre-
sponding to 98.65 Jy km s−1 for the 30′′ beam of CSO at
230 GHz, which was measured pointing at α = 13h39m56.s6
δ = −31◦38′30 .′′2 (J2000.0). The total flux measured over
the single-dish beam is 27.6 Jy km s−1, which suggests
that ∼ 3/4 of the CO emission is resolved out in our
interferometer observations.

3 Results

3.1 CO(2–1)

The CO(2–1) integrated intensity image in the velocity
range of 330–430 km s−1 is shown in figure 1. The CO(2–1)
emission peaks at the north of the dust lane and is elongated
along the dust lane of the galaxy. We identified two GMCs
with CLUMPFIND (Williams et al. 1994), hereafter called
NGC5253-C and NGC5253-D, following the nomencla-
ture in M02. Their positions and the physical parameters
derived by using CLUMPFIND are given in figure 1 and
table 1. These components are not resolved and thus the
net size is expected to be smaller than the synthesized beam
size. NGC5253-D is the most massive GMC and is found
very close to the center, while NGC5253-C is less massive
and located in the dust lane, to the south-east of the center.

The previous OVRO CO(2–1) map by M02 looks par-
tially different from ours. The three GMCs (labeled as A,
B, and E in figure 1) were also detected in M02. Since
GMC B is located close to GMC C (with a separation of

2 MIR is a software package to reduce SMA data based on the package
originally developed by Nick Scoville at Caltech. See (http://cfa-www.
harvard.edu/∼cqi/mircook.html).

9 .′′8 and 2 km s−1 in velocity), it is possibly blended with
NGC5253-C in the SMA data. However, the two other
GMCs (A and E) are not present in the SMA data,
even though their intensities were larger than those of
NGC5253-C/D, and the sensitivity of our data is better.
These components may arise because they are located at
the edge of their field-of-view and primary beam correc-
tion was applied. Note that because these two GMCs are
compact, this difference cannot be due to missing flux.

The molecular gas mass is given by Mmol = 5.74 ×
104 XN5253

CO d2
MpcSCO R21/10

−1 (M�), where XN5253
CO is the CO

to H2 conversion factor in 1020 cm−2 (K km s−1)−1,
dMpc is the distance to NGC 5253 in Mpc, SCO is the
CO(2–1) integrated flux density in Jy km s−1, and R21/10

is the CO(2–1)/CO(1–0) line ratio. Note that we do not
include the helium abundance in the calculation. We use
the same parameters as applied in M02 for the distance and
the CO ratio, dMpc = 3.8 and R21/10 of unity (Meier et al.
2001), respectively. However, we use a different conversion
factor because for metal-poor environments such as in this
galaxy it is expected to be higher than the Galactic stan-
dard value (e.g., Leroy et al. 2011). We apply a conversion
factor of XN5253

CO = 20, corresponding to the metallicity of
12 + log (O/H) = 8.16 found for NGC 5253 (Kobulnicky
et al. 1997), using the conversion factor versus metallicity
relation in Leroy et al. (2011).

The derived molecular masses for the two GMCs are
given in table 1. The mass of NGC5253-D is 74% of
the total molecular gas mass recovered by SMA obser-
vations. Taking into account the velocity of the central
SSCs (Vlsr, SSC = 390 km s−1: Schwartz & Martin 2004),
NGC5253-D correlates well with the central SSCs not only
spatially but also kinematically, implying a direct associ-
ation between the GMC and the SSCs as well as the sur-
rounding H II region. Thus NGC5253-D is likely the main
gas reservoir feeding the current starburst.

To infer the distribution of molecular gas along the line
of sight, we compare the spatial distribution between CO
emission and the optical extinction. We present the CO
velocity-separated map around Vlsr, SSC overlaid on the HST
V-band image in figure 2. The blue and red contours rep-
resent the approaching and receding velocity components
with respect to Vlsr, SSC. The receding component is elon-
gated along the dust lane and traces well the extinction
in the optical image, which suggests that it is in front
of the SSCs. The blue-shifted component is concentrated
toward the SSCs and central giant H II region rather than the
dust lane. The extinction does not match the blue-shifted
component, which suggests that this component is likely
located behind the central region. The CO gas kinematics
and distribution in comparison with the dust extinction sup-
port a scenario in which the gas is falling into the central
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Table 1. GMC properties in NGC 5253.∗

GMC Positions† Vlsr DFWHM
‡ VFWHM

‡ SCO Mmol Mvir

(km s−1) (pc) (km s−1) (Jy km s−1) (106 M�) (106 M�)

NGC5253-C +7.20, −9.30 420 105 × 97 6 3.8 3.2 1.2
NGC5253-D 0.00, −0.30 380 76 × 97 32 10.9 9.1 9.0

∗Approximate errors are δVFWHM = 10 km s−1 (i.e., one-half the velocity resolution), δMmol = 40%, δMvir = 40%.
†Positions are offset from α = 13h39m55.s9 δ = −31◦38′24 .′′0 in arcseconds.
‡The GMC sizes and velocity width are defined as the deconvolved FWHM diameters and the deconvolved FWHM
velocity dispersion corrected for the beam size (11′′ × 4′′) and velocity resolution (20 km s−1) according to Williams,
de Geus, and Blitz (1994).

Fig. 2. SMA CO(2–1) image overlaid on the HST V-band (F550M) image.
The blue (red) contours represent the molecular gas at approaching
(receding) velocities with respect to the velocity of the central SSCs
(390 km s−1; Schwartz & Martin 2004). The integrated velocity ranges are
350–390 km s−1 and 390–430 km s−1 for the approaching and receding
velocity components, respectively. Blue and red contour levels are 3 σ ,
5 σ , and 7 σ , where 1 σ = 0.8 Jy beam−1 km s−1. (Color online)

starburst zone, as was suggested for the H I gas at a larger
scale (Kobulnicky & Skillman 2008).

3.2 230 GHz continuum

The 230 GHz continuum emission was detected at
α = 13h39m55.s9 δ =−31◦38′23 .′′3, which is consistent
with the position previously measured by M02 within the
uncertainties. This position is practically coincident with
that of the NGC5253-D component (offset only by 0 .′′5).
The continuum component is not resolved. The net size is
expected to be smaller than the synthesized beam size. The
measured flux is 34 ± 9 mJy, also in agreement with M02
(46 ± 10 mJy) within the uncertainties.

The free–free emission from the gas ionized by OB
stars contributes significantly to the emission at millimeter
wavelengths and is optically thin. Other contributions to
millimeter wavelength continuum emission, non-thermal
radiation from SNRs and thermal emission from inter-
stellar dust, are expected to be negligible at 230 GHz:
the flux of synchrotron emission is very small shortward

Fig. 3. CO(2–1) integrated intensity (black contour) and H2 1–0 S(1) (red
contour) maps overlaid on the HST Hα (F658M) image. Black contour
levels are the same as in figure 1. Red contour levels are 1.7, 2.4, and
3.1 × 10−19 W m−2 arcsec−2. The locations of the central two SSCs and
the ionized gas outflow from the central SSCs are indicated on the map.
A schematic view of the eastern outflow is indicated in the top left corner.
(Color online)

of 10 cm and no dust emission is detected at 1.3 mm
(M02). Assuming that the 230 GHz continuum flux den-
sities are entirely dominated by free–free emission from
the ionized gas, we can calculate the total production
rate of ionizing photons from the observed 230 GHz con-
tinuum flux densities. Equation (2) in Scoville et al. (1991)
provides the relationship of the free–free emission flux
density at 110 GHz to the total production rate of ion-
izing photons for optically thin plasma. Using a thermal
(free–free) spectral index of −0.1, the relationship of the
free–free emission flux density at 230 GHz (S230) is given
by: S230 = (230/110)−0.1 × 8.4 × 10−2 × Q∗

49/d2
Mpc, where

Q∗
49 is the total production rate of ionizing photons in units

of 1049 s−1. The calculated total production rate of ionizing
photons is (6.3 ± 1.7) × 1052 s−1.

3.3 Comparison with warm and ionized gas

In this subsection, we compare the morphology of CO with
available H2 1–0 S(1) (Davies et al. 1998) and archived HST
Hα image (program no. 10608, PI: Vacca). All these data
are displayed in figure 3. Although the distribution of CO
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Fig. 4. Sketch view of the molecular gas disk traced by CO, the ionized
gas traced by Hα, the shocked gas traced by H2, and the hot gas traced
by X-ray emission. The molecular gas around the central SSCs feeds
the nucleus starburst region by gas inflow. The ionized gas forms a
bipolar outflow from the central SSCs in NGC 5253, which is filled with
hot X-ray gas, but the receding lobe suffers from high extinction due to
dust and gas in front. The shocked gas is seen next to the ionized gas
cone, which might be caused by the outflow encountering the ambient
gas.

emission agrees well with that of H2 1–0 S(1), the former is
more extended along the dust lane. The peak of H2 1–0 S(1)
seems to be slightly offset from CO, and is at the central
H II region. There is a cavity in H2 1–0 S(1) emission at the
east side of the SSCs which traces remarkably the shape of
the Hα shell.

The CO(2–1) is emitted from gas at temperatures of
∼ 16 K, while the H2 1–0 S(1) emission traces heated gas
by shocks (> 1000 K) or excited gas by UV radiation. The
different distributions between CO(2–1) and H2 1–0 S(1)
suggest that while the cold molecular gas is more extended
along the galaxy, the warm molecular gas is mostly dis-
tributed around the active star-forming regions. Besides,
the warm molecular gas seems to be surrounding the cone
of the ionized gas outflow from the SSC, which might have
been caused by the shock where the energetic ionized out-
flow interacts with the ambient gas. Although Cresci et al.
(2010) found that the dominant excitation mechanism of
the H2 emission does not seem to be shocks in NGC 5253,
the shock mechanism may significantly contribute at least
locally in this cavity structure.

4 Inflow and outflow from the super stellar

clusters

We have shown that there is a signature of inflow motion
in the relatively cold gas traced by CO. We have also found
that the spatial correlation between H2 1–0 S(1) and Hα

emission supports the scenario suggested by Monreal-Ibero
et al. (2010), in which the Hα emission traces the bipolar
outflow from the central SSCs. In addition, diffuse X-ray
emission is distributed similarly to the Hα emission, which
suggests that it likely traces the hot gas outflow inside the
Hα cone (Summers et al. 2004; see also figure 4) as observed

in other starburst galaxies such as NGC 253 (Strickland
et al. 2000). In this section, we calculate the balance of
such inflow, outflow mass rates, and compare with the SFR
assuming that NGC5253-D is the source feeding the for-
mation of the central SSCs.

The gas inflow rate into the center of the galaxy can
be calculated assuming that the radial inflow speed around
the SSCs is ∼ 20 km s−1, corresponding to the radial velocity
difference of the two components from the central SSCs (see
figure 2). If we assume that the approximated distance from
the inflowing molecular gas to the center of the galaxy is
similar to the extent of the molecular gas of NGC5253-D,
∼ 100 pc, and the amount of the molecular gas presum-
ably associated with the SSCs is the NGC5253-D mass,
9.1 × 106 M�, then the gas inflow rate is estimated to be
1.9 M� yr−1. This is in good agreement with the inflow gas
rate derived from the H I data (Lelli et al. 2014).

Next we calculate the SFR using the measured
stellar mass of NGC 5253 from the continuum emission
(subsection 3.2). We calculate the total number of stars
from the total ionizing photon rates using typical ionizing
rates of O-type stars (09.5V–O3V: Martins et al. 2005), fol-
lowing the method described in Miura et al. (2010). O-type
stellar spectral types are considered to be largely responsible
for the ionizing photons of interstellar matter. We further
assume that this region is characterized by a Salpeter initial
mass function of 2.35 with mass limits of 0.1–58 M� (corre-
sponding up to spectral type O3V). The total stellar mass is
then estimated to be 5.3 × 106 M�. If half the total ionizing
photons originate in the SSCs (M02), then the total stellar
mass of the central SSCs is ∼ 106 M�. This is consistent with
the summation of the previously obtained masses of the two
SSCs: one SSC has a mass of 5 × 105 M�, while the other has
(0.77–2.6) × 106 M� (with the mass cutoffs of 1–100 M�:
Alonso-Herrero et al. 2004).

Since the central SSCs have been formed in < 2.5–
4 Myr, the SFR for the the central starburst region is
likely within 0.3–0.5 M� yr−1. This is in good agreement
with the previously obtained value from Hα flux densities
(0.270 M� yr−1: Calzetti et al. 2004). The total stellar mass
can also be compared with the mass of the molecular clouds
to measure the star formation efficiency (SFE). The SFE is
defined as SFE = Mcl/(Mcl + Mmol), where Mcl is the total
stellar mass and Mmol is the molecular cloud mass. Taking
into account that NGC5253-D is the parent GMC of the
central SSCs, the SFE is estimated to be 10% using the half
the total ionizing photons which might be originated from
the central SSCs, while 37% using the total continuum flux
density.

There is also outflow from the SSCs as can be wit-
nessed in the H2 1–0 S(1) and Hα images. We now estimate
the mass-outflow rate of the ionized gas across a circular
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cross section along the eastern bipolar outflow, which has
a radius of 1′′ for a cone opening angle of 60◦ [obtained
directly from the size of the cavity in the H2 1–0 S(1) and Hα

emission; see figure 3], corresponding to a transverse area of
the outflow of A ∼ 3.1 × 1039 cm2. The ionized gas outflow
rate can be obtained from Ṁout = 2mp Nevout f A (Storchi-
Bergmann et al. 2010), where the factor 2 is included to
account for both sides of the outflow, mp is the proton mass,
Ne is the electron density, vout is the velocity of the out-
flowing gas, and f is the filling factor. Assuming Ne = 458–
2503 cm−3 (Guseva et al. 2011) and vout = 70 km s−1 (an
inclination of the outflow axis of 45◦ is assumed: West-
moquette et al. 2013), we obtain Ṁout = (0.46–2.5) ×
10−2 f (vout/70 km s−1) [M� yr−1]. Thus the outflow rate
is a small portion (0.2%–1.3%) of the gas inflow rate
if the filling factor is assumed to be typically 0.01.
Even taking into account that the mass injection rate is
∼ 0.2 M� yr−1 (Summers et al. 2004), which is an upper
limit because this was estimated from the total diffuse
X-ray emission over the entire galaxy, the supplied molec-
ular gas is larger than the total mass rate of the SFR and
outflow masses.

We compare with the other starburst galaxy NGC 253
where outflows from the nucleus have been observed in
X-ray, Hα, and CO molecular line emission (Strickland
et al. 2000; Bolatto et al. 2013). The size, gas content, and
star formation activity of this galaxy is much larger than
that of NGC 5253.

NGC 253 has formed several SSCs in its nucleus,
including a highly obscured SSC with mass of 1.4+0.4

−0.5 ×
107 M� (Kornei & McCrady 2009), which is about 10 times
the SSC masses in NGC 5253. According to Strickland et al.
(2000), a mass loss rate due to bipolar outflow cones of
0.7–1.3 M� yr−1 is derived from X-ray and Hα data. The
molecular gas outflow rate is 3–9 M� yr−1, and such a large
molecular gas outflow rate may lead to the termination of
the starburst (Bolatto et al. 2013). With our NGC 5253
CO(2–1) data, it is difficult to distinguish a possible
molecular gas outflow, even if it exists. Since the SSC
masses, SFR, Hα, and X-ray outflows in NGC 5253 are
roughly one-tenth of those in NGC 253, and if we assume
the molecular gas outflow is also the same ratio (0.3–
0.9 M� yr−1), the inflow rate can be equal to the summation
of the outflow and SFR. Higher resolution and more sensi-
tive observations with the Atacama Large Millimeter Array
(ALMA) are mandatory to confirm this scenario and under-
stand the feedback from the starburst.
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