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ABSTRACT

We report the detection of CO(2–1) and 3.1 and 1.3 mm continuum emission toward the extremely young
starburst in NGC 5253, with data taken from the Owens Valley Millimeter Array. Faint CO emission origi-
nates in five molecular clouds distributed along the prominent dust lane seen in visual images. With the gas,
the morphology of NGC 5253 looks much like a dwarf elliptical version of the ‘‘ dust-lane ellipticals ’’ or
‘‘ polar-ring ’’ class of galaxies. The molecular gas resides in GMCs well away from the radio-IR super–star
cluster/supernebula seen in the radio and infrared. The millimeter continuum data confirm that the 2 cm flux
from the supernebula is optically thick; the Lyman continuum rate derived from the 1.3 mm continuum is
NLyc � 6 � 1052 s�1 for the central �2000. CO may underestimate the true molecular column density, as
expected for a low-metallicity system, although there are regions along the dust lane that appear to have
near-Galactic conversion factors. We estimate a total molecular gas mass of MH2

d107 M�. The molecular
gas in the dust lane is falling into the galaxy, supporting an accretion hypothesis. The dust lane gas cannot
therefore be causally associated with the current burst of star formation. A relatively small amount,
MH2

d5 � 105 M�, of molecular gas is associated with the current starburst. We estimate a star formation
efficiency of at least 25% andmore likely�75%, consistent with the formation of a bound cluster. Despite the
extreme youth of the starburst, the specific trigger of the starburst remains elusive, although the infall of gas
in the dust lane suggests that there is more star formation to come in NGC 5253.

Key words: galaxies: dwarf — galaxies: individual (NGC 5253) — galaxies: ISM — galaxies: nuclei —
galaxies: starburst — galaxies: star clusters

1. INTRODUCTION

Star formation in dwarf galaxies, in terms of stars per unit
mass, can be as intense as that seen in large spirals or more
so, but it occurs without the familiar triggering mechanisms
provided by dynamical features such as spiral arms or bars
(e.g., Beck 2000). High-resolution observations in the opti-
cal/UV and NIR indicate that the dominant mode of star
formation in nearby starbursts is through massive clusters
(e.g., Whitmore & Schweizer 1995; O’Connell, Gallagher, &
Hunter 1994). Observational and theoretical evidence sug-
gests that tidal interaction/merger events may be an impor-
tant triggering mechanism for (see Whitmore 2001 for a
recent review), but the nature of the triggering in isolated
dwarfs is not well understood. Because their metallicities are
low, dwarf galaxies may present galactic conditions more
like those seen during the first epoch of star and cluster for-
mation in the early universe. NGC 5253 is an excellent
example of such a galaxy.

NGC 5253 is a nearby (3.8 Mpc; Caldwell & Phillips
1989; Saha et al. 1995; Gibson et al. 2000; S. Sakai 2001,
private communication) dwarf starburst galaxy that may be
a companion to M83. Its star formation is particularly
extreme and dramatic. The central region of NGC 5253 con-
tains several ‘‘ super–star clusters ’’ of MV � �10 to �11
(Meurer et al. 1995; Gorjian 1996; Beck et al. 1996; Calzetti

et al. 1997; Turner, Beck, &Ho 2000), with LIR � 109 L�, or
2 orders of magnitude larger than any individual Galactic
star-forming regions (e.g., Gorjian, Turner, & Beck 2001).
Strong Br� emission, weak CO band head, bright Wolf-
Rayet features, and a radio spectrum consistent with being
entirely thermal demonstrate that this burst of super–star
cluster (SSC) formation must be very young (Campbell,
Terlevich, & Melnick 1986; Reike, Lebofsky, & Walker
1988; Conti 1991; Beck et al. 1996; Turner, Ho, & Beck
1998). Models of the stellar population based on optical col-
ors indicate that the youngest optical/UV clusters have ages
of �2.5 up to �50 Myr (e.g., Calzetti et al. 1997; Tremonti
et al. 2001). Radio and infrared observations find an even
younger, more obscured super–star cluster (Turner, Ho, &
Beck 1998; Turner, Beck, & Ho 2000; Gorjian et al. 2001).
The starburst in NGC 5253 is extremely young, possibly the
youngest yet observed (Reike, Lebofsky, & Walker 1988;
Turner, Beck, & Ho 2000; Gorjian et al. 2001). The molecu-
lar gas distribution from which this young burst originated
should still be evident.

Turner, Beck, & Hurt (1997) observed NGC 5253 in
CO(1–0) with the Owens Valley Millimeter Interferometer
(OVRO) and managed a tentative (5–7 �) detection of CO
with �1100–1500 resolution. Although the CO detection is
tentative, it lines up with the visible dust lane. The CO emis-
sion is extremely weak, considering the amount of star for-
mation present. It is 2 orders of magnitude weaker than its
neighboring spiral galaxy, M83, which has a starburst of
similar luminosity (Turner, Hurt, & Kenny 2002;
Crosthwaite et al. 2002). The ratio of free-free luminosity to
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inferred molecular mass in NGC 5253 is LOB/MH2
e4000,

as compared with �10–20 in nearby, actively star-forming
spirals. Turner et al. (1997) argued, on the basis of the
CO(1–0) morphology, that a cloud of gas, possibly with
ultra low metallicity, is accreting onto the galaxy and has
triggered the starburst.

To confirm the CO detection and to further investigate
the nature of the molecular gas and its connection to the
starburst in NGC 5253, we have obtained higher sensitivity
and resolution observations of the J = 2–1 transition of CO
with OVRO.

2. OBSERVATIONS AND DATA REDUCTION

Aperture synthesis observations of the CO(2–1) transi-
tion (230.538GHz) were made with the Owens Valley Radio
Observatory (OVRO) millimeter interferometer between
1996 November 16 and 1997 December 21 (Table 1). The
interferometer consists of six 10.4 m antennas with cooled
SIS receivers (Padin et al. 1991; Scoville et al. 1994). System
temperatures (single sideband) ranged from 700–2200 K. A
64 channel, 2MHz filter bank was used giving a velocity res-
olution of 2.6 km s�1, which corresponds to an overall band-
width of 166 km s�1. To increase the signal-to-noise ratio,
the data were smoothed to 4 MHz resolution. Channel 32.5
is centered at vLSR = 410 km s�1. Separate simultaneous 1
GHz bandwidth continuum observations at 97 GHz (3.1
mm) and 233 GHz (1.3 mm) were obtained. Two pointings
with phase centers of �1(B1950.0) = 13h37m04 980;
�1(B1950.0) = �31�22058>0, �2(B1950.0) = 13h37m05 960;
�2(B1950.0) = �31�23022>0, were observed to cover the
nuclear starburst and dust lane. Phase calibration was done
by observing quasars, 1244-255 and 1334-127, every 20–30
minutes. For absolute flux calibration we used Neptune as
primary flux calibrator and 3C273 as a secondary flux cali-
brator. Absolute fluxes are good to �25%–30% for the 1
mm data and 15% for the 3 mm data, with uncertainties due
to brightness variations in the calibrators and elevation
effects at this low declination.

The data set was mosaicked using MIRIAD software.
The maps are robustly weighted and corrected for primary-
beam attenuation. Since the maps are mosaics, the noise
level varies across the maps. Reported noise levels for this
paper are those measured from line free regions of the map
halfway between the map center and the edge (FWHM of
the primary beam). The noise level is a bit lower than this in
the center and somewhat higher toward the edges of the
map. All further data reduction was done using the NRAO
AIPS package. To generate an integrated intensity map

(ICO) velocities were integrated from 350 to 450 km s�1.
Only emission greater than 1 � in the channel maps was
included in ICO to minimize the effect of summing noise. For
the faint, narrow lines in NGC 5253 it is possible that this
procedure might clip out a small amount of real emission.
However, we tested different clip levels and found that, for
different clip levels, neither the morphology on the intensity
varied more then the given noise level.

Tracks in equatorial (E) and low (L) configurations were
used to make up the data set. In the resolution setting con-
figuration (E) one antenna along the east-west arm of the
array was down, making this configuration almost entirely
north-south. This gives the 1 mm beam an east-west exten-
sion not typically seen for such low declination sources. The
(u, v) coverage for these observations implies that emission
on scales larger than 2000 is resolved out. Given the small
field of view at 230 GHz and the differences in pointing cen-
ters between our data and single-dish CO(2–1) data (Meier
et al. 2001b), it is difficult to quantify exactly how much flux
is resolved out. A single-dish peak main-beam temperature
of 34 mK (1.3 Jy for the 3000 beam) was detected for
CO(2–1). We estimate the flux resolved out in two ways.
First, the flux in the channel maps were summed over the
single-dish beam area. A peak flux of 1.4 Jy was obtained,
consistent with detecting all the emission. Second, we con-
volved the observed maps to a resolution of 3000 and com-
pared it with the single-dish data. Only a 0.65 Jy peak was
detected in this method, suggesting that �50% of the flux is
resolved out. Therefore, we estimate that toward the local-
ized peaks most of the flux is detected but that we probably
resolve out some widespread diffuse emission.

3. RESULTS

3.1. TheMolecular GasMorphology

Figure 1 displays the CO(2–1) integrated intensity over-
laid on the HST V-band and H� images of NGC 5253
(Calzetti et al. 1997). Molecular gas is largely confined to
the prominent dust lane that stretches across the minor axis
of the galaxy, confirming the results of Turner et al. (1997).
In the field of view of these observations, no evidence is seen
for a ‘‘ disk ’’ of CO emission oriented along the major axis
of the galaxy, though it is possible that weak extended emis-
sion has been resolved out if it is smooth on �2000 scales.
Very little molecular gas is detected toward the central
super–star cluster/radio ‘‘ supernebula.’’ The rms noise
level of 0.6 K km s�1 corresponds to a column density of
N(H2) ’ 3.5 � 1020 cm�2 for the Galactic conversion fac-

TABLE 1

Observational Data
a

Transitionb
Frequency

(GHz)

DVchan

(km s�1)

D�band
(MHz)

Beam Size

(arcsec; deg)

Noise Level

(mK/mJy beam�1)

CO(2–1) ....... 230.538 5.20c 32 9.6 � 4.8;�84 d 50/0.10

3.1 mm......... 96.5 . . . 1000 9.0 � 6.8; 19 5.4/2.5

1.3 mm......... 233.3 . . . 1000 6.5 � 4.5;�86 5.9/7.5

a For observations made from 1996November 16–1997December 21.
b Phase center 1: � = 13h37m04 98; � = �31�22058>0 (B1950.0). Phase center 2: � = 13h37m05 96;

� = �31�23022>0 (B1950.0).
c The CO(2–1) maps were smoothed to 5.2 km s�1 resolution from 2.6 km s�1.
d The CO(2–1) data was tapered with a 40 k� taper.
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tor, or AV � 0.4, averaged over the 90 � 180 pc beam. Only
the faintest cloud, GMC D, is within 200 pc of the central
cluster. For the first time molecular gas is tentatively
detected on the northwest side of the galaxy. It lies on the
same line traced by the dust lane. The CO along the dust
lane seen prominently to the southeast appears to cross the
galaxy and continue to the northwest. The molecular gas
also lines up with the prominent H� and [O iii] filament
(Graham 1981; Calzetti et al. 1997). NGC 5253, though
much smaller, is reminiscent of the ‘‘ dust lane ellipticals ’’
or ‘‘ polar-ring ’’ classes of galaxies (e.g., Sage & Galletta
1993; Galletta, Sage, & Sparke 1997).

CO(2–1) emission resolves into five clouds along the dust
lane (labeled ‘‘ A ’’–‘‘ E ’’). Clouds D and E are tentatively
detected, being only�3–5 � in intensity, with cloud D being
the faintest. Clouds are identified as any spatially and spec-
trally localized clump that has an intensity greater than 3 �
in two adjacent channels. Each cloud has been fitted with an
elliptical Gaussian to determine its size and location. A box
containing all the emission from the cloud was then summed
to produce a spectrum, which was in turn fitted with aGaus-
sian to obtain line widths and velocity centroids (Table 2).
Only cloud D is slightly resolved. Taking the beam minor
axis as an upper limit, the remaining clouds have sizes
(diameters) less than 90 pc. Typically giant molecular clouds
(GMCs) in less active dwarf galaxies have sizes d10–70 pc
and line widths of �3–12 km s�1 (e.g., Rubio, Lequeux, &
Boulanger 1993; Wilson 1994; Wilson 1995; Taylor et al.
1999; Walter et al. 2001; Meier, Turner, & Beck 2001a). In
the region associated with cloud C, the dust lane is particu-
larly well pronounced against the background galaxy (Fig.
1). If we assume that the molecular gas clouds follow the
area of optical extinction, a size of �300 or �55 pc is esti-
mated. This suggests that the upper limits listed in Table 2
for the sizes and virial masses are about a factor of two
larger than their true values. Line widths for the clouds
along the central dust lane are narrowest (8–15 km s�1). The

upper limits of the cloud sizes and line widths in NGC 5253
are, therefore, consistent with being GMCs, and henceforth
will be referred to as such, although we cannot determine
from the current data whether to identify them as self-
gravitating objects (x 3.2).

3.2. TheMolecular CloudMasses in NGC 5253

The estimation of molecular gas masses in dwarf galaxies
is difficult, but important for determining the strength and
efficiency of star formation. In environments with low met-
allicities and high-radiation fields, it is predicted that CO
ceases to be a reliable tracer of molecular hydrogen (Malo-
ney & Black 1988; Elmegreen 1989; Sakamoto 1996). We
can hope to converge on the true molecular mass of NGC
5253 by taking virial masses as upper limits to the mass and
masses from the Galactic conversion factor as likely lower
limits to the gas mass. We describe these methods below.

The first to consider is the use of the standard conversion
factor

MCO ¼ 5:11� 104ðM�Þ
XN5253

CO

XCO

D

3:8 Mpc

� �2 SCO

R21=10
; ð1Þ

where XN5253
CO is the conversion factor applicable to NGC

5253, the Galactic conversion factor XCO = 2.0 � 1020

cm�2(K km s�1)�1 (Strong et al. 1988; Hunter et al. 1997),
SCO is the CO(2–1) flux in Jy km s�1, and R21/10 is the
CO(2–1)/CO(1–0) line ratio (e.g., Petitpas & Wilson 1998;
Meier et al. 2001b). In all further calculations, R21/10 is
assumed to be unity, consistent with the observed single-
dish value (Meier et al. 2001b). For XN5253

CO /XCO = 1, we
find that the masses of the GMCs range from 4–9 � 105 M�
(Table 2). In low metallicity systems, CO emission is gener-
ally found to be underluminous for a given gas mass with
respect to molecular gas in the Galaxy (Israel 1986; Sage et
al. 1992; Verter and Hodge 1995; Wilson 1995; Arimoto,
Sofue, & Tsujimoto 1996; Taylor, Kobulnicky, & Skillman
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Fig. 1.—CO(2–1) integrated intensity overlaid on the (left) F606WHST image and (right) theHSTH� (Calzetti et al. 1997). Contours are in steps of 1.8 K
km s�1 (�3 �). Letters label the five GMCs. The plus signs mark the location of the centroid of the 1.3 mm continuum. The figure-eight shape curve marks the
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field of view, uncertainties in astrometry (particularly field rotation) of theHST image relative to the millimeter are possible at the�200 level.
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1998). Hence the assumption XN5253
CO /XCO = 1 should give a

lower limit to the true molecular gas present.
A second method makes use of the assumption that the

molecular clouds are in virial equilibrium, so that the
constraints on clouds size and line width can be related
to the total gravitational mass present (e.g., MacLaren,
Richardson, &Wolfendale 1988):

Mv ¼ 189
Dv1=2

km s�1

� �2
R

pc
; ð2Þ

where R is the radius of the cloud (assumed to be 0.7(ab)1/2

with a and b being respectively the FWHMmajor andminor
axes of the fitted cloud size) and Dv1/2 is the FWHM of the
line width. The constant of proportionality assumes that the
GMCs have an n / r�1 dependence consistent with what is
typically found for Galactic clouds, but changing the den-
sities anywhere from n / r�(0–2) affects the masses by
d50%. While the spatial resolution is not high enough to
precisely determine the virial mass, it is high enough to pro-
vide useful upper limits on the clouds masses. Turbulence,
stellar winds from the Wolf-Rayet stars (Walsh & Roy
1989) and any supernovae associated with the starburst
would all be expected to increase line widths over their virial
value, so the GMC masses we derive from assuming virial
equilibrium should represent robust upper limits. Upper
limits to the cloud masses based on virial equilibrium range
from less than 8 � 105 M�(GMC B) to less than 1.5 � 107

M� (GMC A; Table 2). Derived values for GMC A should
be considered especially uncertain because about one-half
of the GMC lies outside the half-power points of the
primary beam.

A third independent constraint on gas masses is from the
lack of dust emission in the millimeter continuum. For a
dust temperature of 46 K (Thronson & Telesco 1986), and a
1.3 mm dust absorption coefficient of 3.1 � 10�3 cm2 g�1

(Pollack et al. 1994), Mdust ’ 220 Sdust
mJy (1.3 mm)D2

Mpc M�.

Dust continuum emission at 1.3 mm is not detected (x 3.4).
The upper limit to the 1.3 mm dust flux present at any loca-
tion is 7.5 mJy, which equates toMdust < 2.4 � 104 M�. If a
Galactic gas-to-dust ratio of 100 is applicable to NGC 5253,
the molecular mass implied from the dust is less than
3 � 106 M� for each GMC. Since NGC 5253 has a low met-
allicity [log (O/H) = 8.16, Kobulnicky et al. 1997], the
dust-to-gas ratio and hence the molecular cloud gas masses
may be higher than this (Sage et al. 1992; Lisenfeld & Fer-
rara 1998). However, masses estimated from 350 lm contin-
uum observations indicate that the gas-to-dust ratio is not
significantly different from the adopted value (Meier et al.
2002).

Surprisingly, for the dust lane GMCs B & C, the masses
estimated from the virial theorem do not differ significantly
from the lower limits estimated from CO emission and a
Galactic conversion factor. Apparently these two GMCs
have near-Galactic conversion factors. One would not
expect the Galactic conversion to hold in such a low metal-
licity galaxy. To further test whether a Galactic conversion
factor mass is applicable for the dust lane locations, we con-
sider the relationship between gas mass and AV. Toward the
dust lane, the dust geometry is reasonable well approxi-
mated by a foreground screen, with an AV e 2.2 (Calzetti
et al. 1997). With the standard relationship of N(H)/
AV = (NH i

+ 2NH2
)/AV ’ 1.87 � 1021 cm�2 mag�1

(Bohlin, Savage, & Drake 1978), this AV implies a column
density of e4.1 � 1021 cm�2. The observed H i column
density of NH i

’ 2.6 � 1021 cm�2 (Kobulnicky & Skillman
1995), suggests that NH2

� 8 � 1020 cm�2. Again, this value
is only slightly less than theNH2

’ 1.5 � 1021 cm�2 obtained
from the standard Galactic conversion factor.

If an extinction relationship more suitable for NGC
5253’s low metallicity, which is intermediate between those
of the LMC and the SMC, is adopted, N(H) ’ 1 � 1022

cm�2 mag�1 AV (e.g., Weingartner & Draine 2001), we
obtain column densities of N(H2) ’ 1022 cm�2 (at this col-

TABLE 2

Giant Molecular Clouds in NGC 5253

GMCs

Parameter Aa B C D E

R.A.b (13h39m) ................................. e57 93 57 92 56 96 56 90 55 95

Decl.b (�31�380) ............................... 3000 3600 3200 2600 1800

a � bb,c (pc � pc) ............................. <89 <89 d89 �220 � 110 <89

v0
b (km s�1) ...................................... 363 421 419 395 424

Dv1/2
b (km s�1).................................. 36 8.4 12 15 27

Ipk
b (Jy) ............................................ 0.36 1.0 0.90 0.51 0.30

SCO
d (Jy km s�1)............................... 16.9 12.7 14.3 6.9 7.6

MCO[XCO/(2 � 1020) (� 106M�) ...... 0.86 0.65 0.73 0.36 0.38

Mvir
e (� 106M�) .............................. <15 <0.83 d1.7 �4.6 <8.5

Notes.—Uncertainties are conservatively estimated as �200 for the position centroids, �4>8 for
cloud sizes, 3 km s�1 for the line width and line centroid, 0.1 Jy for the peak intensity, 3 Jy km s�1

for the flux density, and approximately a factor of 2 for the masses.
a Fitted values for GMC A are more uncertain given that it is at the edge of the primary beam

FWHM. Integrated intensities of this cloud make no attempt to correct for emission outside the
field of view.

b Values based onGaussian fits to the spectra.
c Deconvolved sizes smaller than the beamminor axis (4>8 = 89 pc) are considered unresolved.
d Flux estimates are based on the assumption that the clouds are unresolved. The applied 1 �

clipping (x 2) may cause a slight underestimate of cloud sizes, but fitting the GMCs with no clipping
demonstrates that this does not increase any derived sizes greater than the quoted upper limits.

e Virial masses are estimated assuming a cloud radius of 0.7(ab)1/2 (e.g., Meier & Turner 2001).
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umn density the gas would be dominated by H2). This value
of N(H2) is more than an order of magnitude larger than
that found from the a Galactic conversion factor and more
than a factor of two larger than the upper limit set by the
virial analysis. The assumption of a Magellanic-like extinc-
tion relation significantly overpredicts the amount of gas
present. Moreover, for AV e 2 the H�/H� ratio used to
derive the visual extinction begins to saturate. If the extinc-
tion toward the dust lane is larger than AV = 2.2, then the
above numbers are even more discrepant. However, since
the N(H i) was estimated from observations with a larger
beam (6300 � 4000) than the CO data, it is possible that
N(H i) could be underestimated ifN(H i) is unresolved. This
could result in a reduction of the derived N(H2), but only in
the case of near-Galactic extinction relationships. Future
high-resolution H i observations will be able to address the
impact of this effect (Kobulnicky 2002).

Evidently, the narrow line widths, combined with rela-
tively high extinction and bright CO emission imply that
CO is not dramatically underluminous along the dust lane,
and that it does a reasonable job of tracing the molecular
gas mass. It is possible that CO is not so underluminous here
because the dust lane, which is remote from the starburst, is
not affected by the intense radiation field of the young stars.

The same cannot be said for the other GMCs. The virial
mass upper limits of the three remaining GMCs A, D, and E
are all much larger than the conversion factor estimates
(factors of 10–20). It is particularly true toward the central
obscured star cluster (GMC D). Dust extinction measure-
ments prove that there are AV e 15–35 mag toward the
dominant nebula (Kawara, Nishida, & Phillips 1989;
Calzetti et al. 1997), although this dust appears to be com-
pletely internal to the �1 pc supernebula (Gorjian et al.
2001; Turner et al. 2001). Moreover, the line width of GMC
D could well be larger than virial, reflecting turbulent
motions associated with the large collection of OB stars.
Such motions would likely not be present for the other
GMCs. In summary, these results imply that the dust lane
GMCs B and C have masses of�106 M�. The masses of the
other GMCs are not well determined but probably are
larger than conversion factor values listed in Table 2,
greater than or similar to a few times 106M� each.

3.3. Molecular Gas Kinematics: Gas Infall onto the Galaxy?

Emission from the molecular clouds is detected from
vLSR � 355–440 km s�1, with the bulk of the CO(2–1) emis-
sion at �400–420 km s�1, consistent with lower resolution
CO and H i data (Turner, Beck, & Hurt 1997; Taylor,
Kobulnicky, & Skillman 1998; Meier et al. 2001b). By con-
trast, the velocity of the central super–star cluster/
supernebula and surrounding H� disk is �380 km s�1

(Atherton et al. 1982; Mohan, Anatharamaiah, & Goss
2001, Turner et al. 2001). Only GMCA is significantly blue-
shifted relative to central star cluster (VLSR ’ 365 km s�1).
In Figure 2 the position-velocity (PV) diagram is displayed
for gas integrated within 500 (which does not include GMC
A) of the minor axis (P.A. = 45�). Recessional velocities
tend to increase as one moves farther away from the center
of the galaxy along the dust lane (GMCs D–B), ranging
from �395 km s�1 at the center to �430 km s�1 at or just
beyond the field edge. This is similar to the ionized gas and
H i velocity fields at this location, though the large beam size
of the H i observations and the extinction of the ionized gas

makes it difficult to compare in detail (Martin & Kennicutt
1995; Kobulnicky & Skillman 1995). Such a trend would be
expected if the dust lane gas is rotating along the minor axis
(Kobulnicky & Skillman 1995). If the molecular gas associ-
ated with the dust lane is in rotation around the minor axis,
then GMCE being on the opposite side of the galaxy should
have blueshifted velocities with respect to the galaxy center
(velocities of �350 km s�1 would be expected). GMC E has
a recessional velocity of 425 km s�1, redshifted from the cen-
ter of the galaxy. A similar upturn in the H� velocity cent-
roid is seen (plus signs, Fig. 2; taken from Martin &
Kennicutt 1995). If the velocity centroid of GMC E is
believable and is a continuation of the dust lane across the
galaxy, then the dust lane kinematics are not consistent with
rotation. Since the dust lane is clearly in front of the major-
ity (�90%; Calzetti et al. 1997) of the galaxy, the fact that
the dust lane GMCs are all preferentially redshifted relative
to the star cluster implies they are falling into the galaxy.
GMC A may be an exception, though the extinction in the
galaxy seen toward the direction of this GMC is much
lower; perhaps it is falling in as well, from the back side of
the galaxy. Though difficult to see in the displayed stretch,
inspection of the HST V-band image (Fig. 1) shows
increased extinction toward GMC E as well, suggesting that
it too is foreground and infalling. If it is assumed that GMC
E is not real, it is possible that the dust lane GMCs B, C,
and possibly D could be rotating, but then GMC A would
still be infalling. As a result, it is concluded that over the
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small fraction of emission from GMC A can be seen contributing at the
feature seen at v ’ �40 km s�1 and�1800.) The plus signs mark the velocity
of the H� gas measured along the same position angle (Martin &Kennicutt
1995). The position and velocity of the super–star cluster is marked with an
asterisk (Turner, Beck, &Ho 2000;Mohan, Anatharamaiah, &Goss 2001).
The characteristic resolutions for each axis are marked in the lower right.
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central �4000 radius of the galaxy, the kinematics of the
molecular gas favor infall (accreting gas) over rotation.
Which gas is infalling, GMCs A and E or the dust lane
GMCs B and C, depends on the believability of GMC E,
but in any case it appears from the kinematics that some gas
must currently be infalling. CO traces only part of the exten-
sive cloud of H i gas, so higher resolution H i observations
(Kobulnicky 2002) will give a much more complete picture
of the complex gas kinematics in NGC 5253.

3.4. Millimeter Continuum: Further Evidence for Optically
Thick cm-Wave Emission from the Supernebula

The radio continuum spectrum of NGC 5253 is flat from
�20 cm to 2.6 mm (Beck et al. 1996; Turner, Beck, & Hurt
1997). At short wavelengths, the central ‘‘ supernebula ’’
associated with a very young SSC contributes a significant
fraction of the radio flux, but the emission is likely optically
thick longward of�2 cm (Turner, Ho, & Beck 1998; Turner,
Beck, & Ho 2000). Even the highest frequency cm-wave
observations may still not detect the full strength of the cen-
tral starburst in NGC 5253. Emission from dust can also
potentially contribute to the observed millimeter continuum
fluxes. Therefore we have imaged the millimeter continuum
at both 3.1 and 1.3 mm to better constrain the spectral
energy distribution, the total star formation strength and
the dust content.

Figure 3 displays the 97 GHz (3.1 mm) and 233 GHz (1.3
mm) continuum maps of NGC 5253. The 3.1 mm contin-
uum emission is essentially unresolved in the 9>0 � 6>8
beam, with a marginally believable extension to the west of
the peak. The peak 3.1 mm flux density of the central source
is 34 � 4 mJy beam�1. Summed over the inner 2000, the total
3.1 mm flux density is 54 � 5 mJy. This is in good agreement
with the values 38 � 6 and 52 � 8 at 2.6 mm (Turner, Beck,
& Hurt 1997). As in the case of the 3.1 mm map, the emis-
sion at 1.3 mm is basically unresolved, though it is possible
that there is a western extension as well. The 1.3 mm peak
flux density is 38 � 8 mJy and 46 � 10 over the central
2000. The 1.3 mm continuum peak is centered at � =

13h39m56 915, � = �31�38024>6. The 3.1 mm continuum
peak is �200 west of the 1.3 mm position, but, considering
the large beams and moderate SNR, this difference is not
significant. We are unable to confirm the existence of the
suggested weak secondary northern component (Turner,
Beck, & Hurt 1997). The spectral index � (S� / ��) found
for the central cluster between 3.1 and 1.3 mm is
�3:1
1:3 ’ �0:18� 0:30. The flat spectral index demonstrates

that the radio emission from the central starburst is domi-
nated by thermal bremsstrahlung emission out to 230 GHz
(see below).

In Figure 4 the radio-millimeter spectral energy distribu-
tion (SED) is displayed for the central 2000 of NGC 5253.
The additional flux measurements are taken from Turner et
al. (1997) and Turner, Ho, & Beck (1998). The radio spec-
trum is indeed basically flat from 20 cm to 1.3 mm. How-
ever, interesting deviations from a flat (� = ��0.1) spectrum
are seen. The total continuum fluxes observed at the shortest
wavelengths (<1 cm) are brighter than extrapolated from
the centimeter data assuming the standard optically thin
bremsstrahlung spectrum. The probable explanation for
this, as suggested previously, is optically thick radio contin-
uum from the supernebula associated with the youngest
optically obscured cluster (Turner, Ho, & Beck 1998;
Turner, Beck, &Ho 2000).

We model the radio-millimeter SED based on the ther-
mal/nonthermal separation derived from the cm-wave data
(Turner, Ho, & Beck 1998). The SED is fitted with three
components. One component is optically thin, thermal free-
free emission with a flux density of 43 mJy at 6 cm, based on
summing up the 6 cm flux of the sources with thermal spec-
tral indices between 2 and 6 cm. The second component is
synchrotron emission with an adopted spectral index of
� = �0.75, which accounts for the remainder of the flux at
20 cm. This component is very small (�8 mJy) and negli-
gible shortward of 10 cm. The third component is the super-
nebula. It is assumed to have an optically thick free-free
spectrum with a flux density of 11 mJy at 2 cm and a turn-
over wavelength [�0(� = 1)] below 2 cm as seen in the
VLA-A array map (Turner, Beck, & Ho 2000). That the
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millimeter fluxes are only slightly brighter than the 2 cm
point demonstrates that the turnover wavelength cannot be
much shorter than 1.3 cm. The best fit to the turnover wave-
length is�1.5 � 0.2 cm (20 GHz). Therefore, the higher flux
densities seen at the millimeter wavelengths beautifully con-
firm the presence of an H ii region that is optically thick
below 2 cm. While it is possible that NGC 5253 contains
several optically thick H ii regions with different turnover
wavelengths, the quality of the fit without them indicates
that any additional sources must not provide a substantial
contribution to the overall flux. Again, NGC 5253 is unique,
having a single, optically thick supernebula that is dominant
enough to be distinguishable in the global SED of the
nucleus.

From the spectrum and �3:1
1:3 it is clear that the continuum

detected at 1.3 mm is still consistent with being entirely ther-
mal bremsstrahlung. No dust emission is detected at 1.3
mm. From the 1.3 mm continuum flux, we estimate (e.g.,
Mezger & Henderson 1967) a Lyman continuum rate of
6 � 1052 s�1 for the central 2000 (for 1.2 � 104 K; Walsh &
Roy 1989). The rate is somewhat higher than estimated at 2
cm, as expected if some of the free-free emission is still opti-
cally thick at that wavelength. From the SED (Fig. 4) at
least NLyc e 3 � 1052 s�1 comes from the optically thick
supernebula alone. The NLyc rate derived from the 1.3 mm
continuum data should be a robust estimate of all possible
ionizing photons in the central region, since an emission
measure, EM > 1011 cm�6 pc, would be required for opti-
cally thick continuum beyond 200 GHz. Even in an exotic
region like NGC 5253’s supernebula, this is unlikely for this
relatively large region. Given that the best-fit turnover
wavelength is �1.5 cm, the central supernebula has an
EM ’ 2.1 � 109 cm�6 pc, or hn2ei1/2 ’ 4.6 � 104 cm�3 for a
line-of-sight distance of 1 pc. Toward the dust lane an upper

limit of NLyc < 3 � 1051 s�1 is derived from the more con-
straining 3.1 mm continuum upper limit. Apparently, the
dust lane is not a site of strong current star formation
despite being the brightest region in CO.

4. MOLECULAR GAS AND THE STAR FORMATION
EFFICIENCY IN NGC 5253

The confinement of the molecular gas to a lane crossing
the minor axis, together with the fact that the foreground
molecular gas is redshifted with respect to the starburst
strongly suggests that gas is currently falling into the
nucleus. The idea that an interaction with the ‘‘ compan-
ion,’’ M 83, (at a current projected distance of 130 kpc)
occurred�1 Gyr ago, triggering the burst of star formation,
has been suggested by several authors (van den Bergh 1980;
Graham 1981; Kobulnicky & Skillman 1995; Turner, Beck,
& Hurt 1997; Calzetti et al. 1999). In a global sense, this is a
reasonable trigger for the starburst in NGC 5253. However,
due to the large differences in timescales, �1 Gyr for the
interaction age and less than 10 Myr for the current star-
burst episode, the current burst of star formation can only
be indirectly triggered by an interaction with M 83. No
other suitable galactic merger candidates appear near
enough to NGC 5253 to directly trigger the burst. We find a
similar time delay between the interaction and the current
starburst in another nearby dwarf interaction-induced star-
burst, NGC 3077 (Meier et al. 2001a). In that starburst we
demonstrated that the delay can successfully be explained
by the gas clouds that were either pulled out of the dwarf,
NGC 3077, or captured from M81 raining back down onto
the galaxy due to effects such as dynamical friction. Evi-
dence is strong for the triggering in NGC 3077; in this
famous system (the M81-M82-NGC 3077 triplet) large
streamers of gas connect the three main galaxies. In addi-
tion, large gas clouds are seen just outside the optical disk of
NGC 3077, and the starburst in the galaxy is seen at the
interface of two ‘‘ colliding ’’ GMCs.

It is tempting to apply the same mechanism to NGC
5253, although direct evidence for an interaction with M83
is not available. Indirect support of such an interaction is
provided by the strongly warped disk of M83, a finger of H i

emission extending toward NGC 5253 (Rogstad, Lockhart,
& Wright 1974; Tilanus & Allen 1993; Crosthwaite et al.
2002), the fact that the dust lane points back toward M83
(e.g., Calzetti et al. 1999), and the existence of a population
of intermediate-age clusters in the outer parts of NGC 5253
(between 0.1–1 Gyr, Caldwell & Phillips 1989). On the other
hand, low resolution H i observations of NGC 5253 do not
show evidence for any H i clouds greater than 106 M� out-
side its optical disk (Kobulnicky & Skillman 1995), unlike
what has been seen in theM81 group (Yun, Ho, & Lo 1994).

Clearly, though, the presence of infalling gas along the
minor axis (x 3.3), implies that some gas must have been in
the halo sometime in the recent past. In fact, from a concep-
tual perspective, infall of a gas cloud into a dwarf galaxy
model may represent a qualitatively similar event to the
large spiral-satellite mergers modeled, only on a much
smaller size scale, with the delayed trigger of the starburst
occurring upon ‘‘ the final stages ’’ of merger of the small gas
cloud (e.g., Hernquist 1989; Mihos & Hernquist 1994).
Assuming the conversion factor over much of the galaxy is
not significantly larger than we have estimated (x 3.2), a 106
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M� cloud is all that is required to explain the dust lane
molecular gas.

The origin of the gas in the dust lane is unknown. NGC
5253 appears to have been a metal-poor dwarf elliptical
before the current burst with very little galactic rotation
(Caldwell & Phillips 1989). This suggests that the bulk of
the infalling gas did not originally belong to NGC 5253. In
fact, if the conversion factors we derived in x 3.2 are correct,
the dust lane gas may have higher metallicities than the rest
of the ‘‘ disk ’’ of NGC 5253. This situation could arise if the
dust lane gas came from a higher metallicity object such as
M 83. It might be expected that the gas morphology seen in
NGC 5253 is similar to what NGC 3077 will look like when
most of its remaining halo gas clouds settle into the galaxy a
few hundred megayears from now. In order to conclude that
the gas originated from NGC 5253, it appears that one
would require the gas to experience enrichment in metals
from a previous-generation star formation event as it falls
back in from the halo (e.g., Mac Low & Ferrara 1999;
D’Ercole & Brighenti 1999; Recchi, Matteucci, & D’Ercole
2001).

The molecular gas morphology and the extreme youth of
the starburst in the NGC 5253 put strong constraints on the
gas evolution in the nucleus. The youngest optically visible
cluster is 2.5Myrs old (Calzetti et al. 1997), and the optically
obscured super–star cluster and its associated supernebula
are almost certainly even younger, �1 Myr or less (e.g.,
Beck et al. 1996; Crowther et al. 1999; Turner, Beck, & Ho
2000). Assuming that the GMCs are moving d40 km s�1

with respect to the super–star cluster/supernebula (x 3.3),
only GMCs within a distances of �R � �v � �burst < 120 pc
(6>5) can be casually connected with it. Of the molecular gas
detected only GMC D can satisfy such a constraint. The
molecular gas we detect along the dust lane is too far away
and moving in the wrong direction to be responsible for the
current burst of star formation. Presumably it is the fuel of a
future burst.

It is well known that the IR luminosity of NGC 5253 is
high relative to the amount of molecular gas present,
LIR/MH2

� 800 L�/M� (Turner, Beck, & Hurt 1997), sug-
gesting a high global efficiency of star formation. We con-
sider here the SFE local to within �100 pc of the SSC.
Based on a Salpeter IMF, Turner, Beck, & Ho (2000)
calculate that the central cluster contains �106 M� of stars.
Assuming that only the molecular gas in GMC D can be
associated with the current SSC formation, this implies
M*/MH2

� 3, for a Galactic conversion factor, or a
SFE = M*/(M* + MH2

) = 75%. Even if the applicable
conversion factor for NGC 5253 is a factor of 10 larger than
the Galactic value, the upper limit allowable from the virial
line width (which probably overestimates the molecular
mass somewhat; x 3.2), the SFE on this localized scale is
quite high, at least 25%. The SFE will be even higher if
GMC D is not directly related to the burst, being just lined
up in projection. Apparently, this super–star cluster has
converted a major fraction of its gas mass to stars, as
expected in order for the cluster to remain bound (e.g.,
Lada,Margulis, &Dearborn 1984).

One of the goals of this project is to clarify what triggered
the formation of the young super–star clusters in NGC
5253. Because the current starburst is so young, a few mega-
years, the molecular gas distribution should not have had
time to change significantly since its ‘‘ initial configuration.’’
The current starburst appears to occur at the ‘‘ intersec-

tion ’’ of the dust lane and the center of the galaxy. This
morphology supports the hypothesis that the burst of star
formation in NGC 5253 is being triggered by inflow of gas.
The comparative lack of star formation associated with dust
lane itself (x 3.4) implies that strong star formation does not
begin until the infalling gas reaches the center of the galaxy.
A possible explanation for this could be that there existed a
collection of gas (possibly H i) at the center of NGC 5253’s
potential well with which the infalling gas collided. If so, the
burst would have had to have consumed its gas extremely
efficiently in order to create several �105–106 M� clusters
(Calzetti et al. 1997; Turner, Ho, & Beck 1998), with only
the extremely faint GMC D remaining of the gas. One can
relax the efficiency somewhat by assuming that the CO con-
version factor at GMC D is off by orders of magnitude
(Turner, Beck, & Hurt 1997); however, our analysis indi-
cates that the conversion factor cannot be large enough to
eliminate the need for a high star formation efficiency.
Another possible trigger is that the GMCs shock and col-
lapse due to the steepening of the galaxy potential at the cen-
ter of the nucleus (e.g., Kovalenko & Levy 1992;
Wakamatsu 1993). This is unlikely for a small galaxy like
NGC 5253. A third possibility is that an overpressure on the
GMC surfaces due to a superwind driven from the older
clusters in the nucleus of NGC 5253 (e.g., Graham 1981;
Marlowe et al. 1995; Martin & Kennicutt 1995; Strickland
& Stevens 1999) compressed the infalling clouds as they
approach the center of the galaxy, triggering the current
burst, a form of sequential star formation (Elmegreen &
Lada 1977). This is an enticing hypothesis since the ages of
the brightest star cluster do appear to decrease consistently
from the southwest toward the northeast, hinting at the pos-
sibility of propagating star formation (Gorjian 1996; Cal-
zetti et al. 1997; Tremonti et al. 2001). However, evidence
for a superwind is weak. All observed line widths to date
have been relatively narrow (Marlowe et al. 1995; Mohan,
Anatharamaiah, & Goss 2001; Turner 2002). ROSAT HRI
observations of the X-ray emitting gas imply that the hot
gas is still localized to the star clusters and has not yet had
time to drive a large-scale galactic wind (Strickland & Ste-
vens 1999). And this theory is not obviously consistent with
the current distribution of molecular gas: why it there an
age trend southwest-to-northeast when the gas is distributed
southeast-to-northwest? Super–star clusters, which require
a high efficiency of conversion of gas into stars, may leave
little evidence of their formation in the form of molecular
gas.

5. SUMMARY

We have confirmed the detection of CO in the dust lane of
NGC 5253. Our analysis of the dust and virial masses indi-
cate that the Galactic conversion factor may hold locally in
the dust lane, implying that it probably contains less than a
few times 106 M� of molecular gas. For the first time we
detect molecular gas in the direction of the central SSCs and
radio/IR nebula; the total amount of molecular gas at this
location is small, �105–106 M�. We also confirm the pres-
ence of optically thick free-free emission at 2 cm toward the
supernebula and obtainNLyc ’ 6 � 1052 s�1 over the central
2000. The kinematics of the molecular clouds in the dust lane
indicate that these clouds are falling into NGC 5253, consis-
tent with the hypothesis that the starburst is caused by
accretion of gas from outside the galaxy. However, beyond
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this general inference, little can be said about the detailed
trigger for the star formation. The small amount of molecu-
lar gas close enough to be causally associated with the cur-
rent star formation demonstrates that regardless of what
the specific trigger is it must have been extremely efficient.
We estimate a star formation efficiency of�75% for the cur-
rent starburst: at worst it can be �25%. This high efficiency
is consistent with the formation of a large, bound cluster, as
indicated by the radio/IR supernebula. The gun that
triggers super–star cluster formation may be relatively
smokeless.
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