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XUV DISK GALAXIES

❖ It is know from deep Halpha imaging that some 
galaxies possess very extended SF disks (Ferguson et al. 
1998b)

❖ Thilker et al. (2005a) and Gil de Paz et al. (2005) 
discovered extended UV (XUV) emission in the extreme 
outer disk environment of M83 and NGC4625.
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using the IRAF tasks starfind, ccxymatch, ccmap, and
ccsetwcs. We made use of the USNO-B1 catalog in the case of
M83 and the USNO-A2 catalog for the images of NGC 4625.
The rms achieved by our astrometric calibration was smaller than
0.300 in all cases. The procedures followed for subtracting the con-
tinuum from the H! images and for performing the astrometry
of the optical images are described in detail in Gil de Paz et al.
(2003).

False-color (RGB) composites using GALEX FUV, broad-
band, and narrowband ground-based optical images are shown in
Figure 1 for M83 and in Figure 2 for NGC 4625. A summary of
the UV and optical imaging observations is given in Table 1.

2.3. Optical Spectroscopy

2.3.1. Sample Selection

Our spectroscopic sample is made up primarily of regions
with detected emission in the continuum-subtracted narrowband

images. The vast majority of these regions correspond to stel-
lar associations that also show bright UV emission. In addition,
we included U-bright sources with no obvious H! counterpart,
mainly to take advantage of the large field of view offered by
the IMACS spectroscopic observations of M83. In this paper we
focus exclusively on the analysis of the properties of the emission-
line regions.

In Table 2we give the coordinates of the emission-line regions
in the XUV disks of M83 and NGC 4625. These are all the re-
gions for which our follow-up spectroscopic observations con-
firmed both their nature as emission-line sources (both H! and
H" being detected in emission) and having a redshift close to that
of the corresponding parent galaxy. The coordinates given in this
table are accurate to the level given by the rms of our astrometric
calibration, i.e., better than 0.300. Small systematic errors inherent
to the USNO catalog could be also present.

2.3.2. M83 Observations

Multiobject spectroscopic observations of the southern region
of the XUV disk of M83 (see Fig. 1) were obtained using the
IMACS spectrograph at the 6.5 mMagellan-I (Baade) telescope
in Las Campanas (Chile). The observations were carried out on
2005 April 18 using the f /4 long camera with the 300 line mm!1

grating in its first order. This configuration provides a spatial
scale of 0.1100 pixel!1, a reciprocal dispersion of 0.7438 pixel!1,
and a spectral resolution of R " 1200 for slitlets of 100 in width.
IMACS uses an 8K ; 8K pixel mosaic camera. The objects ob-
served were distributed over two different masks with total ex-
posure times of 40 and 60 minutes. During the night the seeing
ranged between 0.600 and 1.000.

The spectra obtainedwere reduced using the so-calledCOSMOS
package, an IMACS data reduction pipeline developed by August
Oemler. COSMOS consists of a set of tasks that allow correcting
the science images for bias and flat-fielding, subtracting the sky,
and performing a precisemapping of the CCD pixels onto the co-
ordinate system of wavelength and slit position using the observ-
ing setup and mask generation files as input.

In the case of the IMACS observations of M83 a total of
37 H!-selected (34 in the XUV disk) and 32 U-bandYselected
sources were included in the two masks observed. Out of the
37H!-selected sources, 22 of them (19 out of 34 in theXUVdisk)
were detected in both the H! and H" lines in our spectroscopic
data with redshifts close to that of M83. The positions and ob-
served H" fluxes inside the slitlets for these 22 regions are given
in Table 3.We also serendipitously discovered a background gal-
axy ([GMB2007]1) at z ’ 0:3 [R:A:(J2000:0) ¼ 13h37m24:53s,

Fig. 2.—False-color RGB image of the XUV disk of NGC 4625. In this case
we show a combination of the smoothed asinh-scaled FUV image (see Gil de Paz
et al. 2005) (blue), the ground-based continuum-subtracted H! image ( green),
and the B-band image (red ). The H!-selected regions whose spectroscopy we
present in this paper appear as green compact sources in this figure and are located
right below the corresponding region identification number (see Table 2).

TABLE 1

Summary of the Imaging Observations

Band

(1)

Date

(2)

Exposure

(s)

(3)

Instrument

(4)

Detector

(5)

Telescope

(6)

Scale

(arcsec pixel!1)

(7)

Seeing

(arcsec)

(8)

M83

U............. 2005 Mar 10Y14 10800 Direct CCD 2048 ; 3150 SITe 3 CCD Swope 1 m, LCO 0.434 1.5

R ............. 2005 Mar 10Y14 2700 Direct CCD 2048 ; 3150 SITe 3 CCD Swope 1 m, LCO 0.434 1.1

H! .......... 2005 Mar 14 10200 Direct CCD 2048 ; 3150 SITe 3 CCD Swope 1 m, LCO 0.434 1.0

NGC 4625

B ............. 1995 May 28 and Dec 24 2400 PFCU 1124 ; 1124 TEK 3 CCD INT 2.5 m, La Palma 0.59 1.4

R ............. 1995 May 28 and Dec 27 2200 PFCU 1124 ; 1124 TEK 3 CCD INT 2.5 m, La Palma 0.59 1.3

H! .......... 2004 Aug 20 800 COSMIC 2048 ; 2048 SITe CCD Hale 5 m, Palomar 0.40 1.0
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or not. If that is the case, as previous studies have suggested, a
detailed analysis of their properties should then provide funda-
mental clues to understand the possible mechanism(s) that led to
formation of stars in these outermost regions of the disks. These
can be internal mechanisms, such as density waves, or external
influences, such as tidal interactions or satellite disruption. Fi-
nally, we should be able to establish whether (1) this is contin-
uously happening in the outer disks of these galaxies, (2) it is a
transient but recurrent phenomenon that has taken place in these
and other (perhaps all) spiral galaxies in the past, or, alternatively,
(3) the XUVemission is a one-time phenomenon and these are the
first generation of stars to form in the outer parts of these galaxies.

In order to gain some deeper insight into the properties of these
XUV complexes, we have obtained deep optical spectroscopy of
the outer disk of M83 and NGC 4625 using the Magellan and
Palomar 200 inch (5 m) telescopes, respectively. In this work
we study the physical conditions of the ionized gas (densities,
metal abundances) in those XUV complexes showing H! emis-
sion. We also estimate the properties of the ionizing sources by
comparing the line ratios measured with the predictions of photo-
ionization models; in particular, we determine if these line ratios
are consistent with the line emission being due to photoionization
by single stars as has been recently suggested (Gil de Paz et al.
2005).

The spectroscopic observations of the XUV disks of M83 and
NGC 4625 along with the data reduction methodology are de-
scribed in x 2. In that section we also briefly describe comple-
mentary optical and GALEX UV imaging data. In x 3 we present
the results from the analysis of the spectroscopic data. We dis-
cuss the nature of theXUVemission and its possible implications
for the past and future evolution of these systems in x 4. The
conclusions are summarized in x 5.

2. OBSERVATIONS AND REDUCTION

2.1. GALEX UV Imaging

The regions analyzed here were originally identified in UV
images taken by theGALEX satellite (Thilker et al. 2005a; Gil de
Paz et al. 2005). GALEX is a NASA small explorer mission with
a single instrument that consists of a Ritchey-Chrétien telescope
with a 50 cm aperture that allows simultaneous imaging in two
UV bands/channels, far-ultraviolet (FUV; keA ¼ 1516 8) and
near-ultraviolet (NUV; keA ¼ 2267 8), within a circular field of
view of 1.2" in diameter. See Martin et al. (2005) for a more de-
tailed description of the mission and the GALEX instrument.

The GALEX observations used in this paper were carried out
on 2003 June 7 in the case of M83 and on 2004 April 5 for
NGC 4625. The total exposure times (equal in both the FUVand
NUV bands) were 1352 and 1629 s for M83 and NGC 4625, re-
spectively. These datawere all reduced using the standardGALEX
pipeline.

2.2. Optical Imaging

Ground-based optical imaging has been carried out to obtain
accurate positions for the regions responsible for the XUVemis-
sion. Accuracies of the order of a few tenths of an arcsecond are
needed for obtaining multiobject optical spectroscopy with rel-
atively good spectral resolution for the 100Y1.500 wide slitlets used
(see x 2.3).

On 2005 March 10Y14, we obtained deep broadband UR im-
aging data of the southern part of the XUVdisk of M83 using the
2048 ; 3150 pixel Site 3 Direct CCD at the Cassegrain focus of
the Swope 1 m telescope at Las Campanas Observatory (Chile)
(see Fig. 1). The exposure time was 6 ; 1800 s inU and 3 ; 900 s

in R. Deep ground-based optical imaging of NGC 4625 in B and
R bands had been previously obtained at the Isaac Newton 2.5 m
telescope in La Palma (Spain) on 1995May 28 and 1995Decem-
ber 24 and 27 (see Fig. 2). Images are available through the Isaac
Newton Group ( ING) data archive. See also Gil de Paz et al.
(2005) and Swaters & Balcells (2002) for details on the optical
imaging observations of NGC 4625 (see also Table 1).
Many of the galaxies with XUV-bright disks found byGALEX

so far show a relatively sharp cutoff in the azimuthally averaged
surface brightness profile in H! at the limit of the optical disk,
while the UV light apparently extends smoothly beyond that ra-
dius (Meurer et al. 2004; Thilker et al. 2005a; Gil de Paz et al.
2005). It is therefore expected that a significant fraction of the
regions identified in theGALEX images would not show any line
emission and, consequently, could not be used for determining
the ionized gas metal abundances and dust reddening (frommea-
surements of the Balmer line decrement). With this in mind and
in order to improve the efficiency of our spectroscopic observa-
tions, we also obtained deep narrowband H! imaging of both
M83 and NGC 4625. M83 was observed on 2005 March 14
through a 708wide narrowband filter centered on 65708 using
the 2048 ; 3150 pixel Site 3 Direct CCD attached to the Swope
1 m telescope in Las Campanas. The total exposure time in H!
was 10,200 s split in nine exposures. On 2004 August 20, we ob-
tained an 800 s narrowband image of NGC 4625 through a 208
wide filter centered on 6563 8 using COSMIC mounted at the
prime focus of the PalomarObservatory 5mHale telescope (Kells
et al. 1998).
Reduction of the images was carried out using IRAF.13 For the

H! imaging data, the continuum was subtracted using a scaled
R-band image such that the fluxes of the field stars in both images
were equal. The astrometry of the optical images was carried out

Fig. 1.—False-color RGB image of the southern region of the XUV disk of
M83. This panel is a composition of the GALEX FUV (blue), ground-based
continuum-subtracted H! (green), and U-band (red ) images. The H!-selected
regions whose spectroscopy we present in this paper appear as green compact
sources in this figure and are located right below the corresponding region iden-
tification number (see Table 2).

13 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Fig. 1.—GALEX FUV and NUV color-composite image of M83, highlighting
the newly rediscovered sites of recent star formation in the extreme outer disk.
We show FUV in blue and NUV in red (along with their average in green). A
red contour represents the extent of the H i distribution detected by Tilanus &
Allen (1993). The blue H i contour is drawn at cm!2, corresponding201.8# 10
to ∼0.4 M, pc!2. We also include a yellow contour from Crosthwaite et al.
(2002), indicating total neutral gas surface density, of 10 M, pc!2. TheSgas
yellow contour lies immediately within . The projected spatial extent ofS Rgas H ii

the field (44!) is 57.6 kpc ( kpc) at a distance of 4.5 Mpc.R p 6.6H ii

Fig. 3.—GALEX ( , NUV) CMD for M83’s UV-bright stellarFUV!NUV
complexes (same sample and radial classification as Fig. 2). Inner-disk sources
( ) are plotted with circles, whereas outer-disk sources ( ) areR ! R R ≥ RH ii H ii

indicated with diamonds. Our data points have been corrected only for Galactic
foreground extinction, . The black curves show model pre-E(B! V)p 0.066
dictions for starburst populations of 103, 104, 105, and 106 M, as a function of
age ( , 6.0, 6.3, 6.5, 6.6, 6.75, 7.0, 7.3, 7.6, 7.75, 7.9, 8.0, 8.7, 9.0log age p 5.7
indicated for 106 M,). Dashed lines indicate the same models reddened with

, a value slightly higher than the median determinedE(B! V)p 0.5 E(B! V)
for a large sample of clusters in M83 (Harris et al. 2001). [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 2.—GALEX FUV LFs of the UV-bright stellar complexes inM83 having
photometric errors !0.25 mag. Image shows the FUV LF for all sources (solid
line), inner-disk ( ) sources (dotted line), and outer-disk ( )R ! R R ≥ RH ii H ii

sources (dashed line). Outer-disk complexes appear typically fainter and have
a steeper slope in the FUV LF, relative to inner-disk objects, although detailed
assessment of completeness and blending is needed to bolster these statements.
[See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Local at sites of recent star formation in M83, evaluated atSgas
1.1 kpc (50") resolution. The overall distribution (solid histogram) appears largely
bimodal, with inner-disk UV sources (within , dotted histogram) forming inRH ii

locales with total surface density greater than ∼10M, pc!2. Recently formed outer-
disk stellar complexes (dashed histogram) exist within environments characterized
by a local surface density about an order of magnitude smaller, although the CO
map used to compute the H2 contribution does not extend to large galactocentric
radii. High-resolution H i and CO observations toward the outer UV-bright com-
plexes are critically needed. Such data would enable us to investigate H i production
via H2 photodissociation (Smith et al. 2000) as well as to make a fundamental check
on the star formation threshold (Kennicutt 1989). We reiterate that this plot shows
local measurements of , whereas Fig. 5 presents an azimuthally averaged surfaceSgas
density as a function of galactocentric radius.

(Allen et al. 1986) may be significantly influenced, given that the
(predominantly) B star population traced by GALEX effectively
drives these feedback mechanisms. GALEX NGS observations
show that M83 is not unique in terms of outer-disk UV mor-
phology. We will analyze UV-visible-IR outer-disk properties of
a representative galaxy sample in a subsequent paper.

2. OBSERVATIONS AND DATA ANALYSIS

M83 (NGC 5236) was observed with GALEX on 2003 June 7
for a single orbital night as part of the NGS, with an exposure of
1352 s in both FUV (1350–1750 ) and NUV (1750–2750 ).˚ ˚A A
Figure 1 shows the color-composite GALEX image of M83. Two
bright stars eastward ofM83 prevented us from centering the target
in the field, but our data includes most of the outer disk. The rms
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Relevance  

5

❖ The presence of recently formed stellar complexes at large 
galactocentric radii also provides a simplified laboratory 
for investigating the SF threshold;

❖ It provides a proof of the presence of molecular gas in the 
outer disks of spirals;

❖ It allows investigating the SF in quiescent and low-
metallicity environments.

❖ It offers the ideal place to study the unresolved issue of the 
atomic hydrogen gas origin.
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Figure 2.12: Kennicutt-Schmidt relations that relate the SFR surface density to the gas surface
density plotted for ⌃H I (top-left panel), ⌃H2 (top-right panel), and ⌃H I+H2 (bottom panel). The
blue squares correspond to the 17 pointings done to map CO along the M63 major axis (the
radial cut) out to the isophotal radius, r25, and the red circles correspond to the 8 pointings with
24 µm emission detection done to map CO over the bright UV region at rgal = 1.36 r25. The K-S
relation is best parametrized by a power-law of the form ⌃SFR = A(⌃gas)N, which in a log-space
translates into a simple linear relation. The best-fitting bisector linear K-S relations are derived
separately for the radial cut (blue dashed-dotted lines) and for the UV region (red dashed lines).
The corresponding coe�cients log A and slopes N can be found in the labels of each panel. The
black dotted lines represent “isochrones” of constant star formation e�ciencies, indicating the level
of ⌃SFR needed to consume 100%, 10%, and 1% of the total amount of gas within 108 years. The
vertical dashed line in the top-left panel corresponds to the ⌃H I ⇠ 9 M� pc�2 threshold at which
the atomic gas saturates (Bigiel et al. 2008).
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2014), all based on data from the IRAM 30m telescope. The star forming regions with CO detections
or deep upper limits are generally consistent with the same molecular-hydrogen Kennicutt-Schmidt
relation that applies within the optical disk, but with some important offsets (Figure 2; Watson et
al. 2016; Dessauges-Zavadsky et al. 2014).

2 Cycle 2 ALMA CO Observations of the XUV Disk of M83:

ALMA obtained CO(2-1) observations of a 1.5′ × 3′ (2 kpc × 4 kpc) field in the XUV disk of M83
that has a galactocentric radius of ∼ 1.4 times the optical radius and LMC-like metallicity (12 +
log(O/H) = 8.4). The PI of this Cycle 2 program was M. Rubio, who is a Co-I on this proposal.
Co-I J. Koda used the Subaru telescope to obtain an Hα image of the same field with unparalleled

depth, as it is sensitive to HII regions that are ionized by a single O star, but not by a single
B star. There are at least ten HII regions – and therefore at least ten O stars – in the ALMA
field (Figure 1). The parent molecular cloud mass must be relatively large to form even a single
O star. Empirically, molecular clouds with masses of at least ∼ 3 × 105M⊙ are needed, based on
the mass of molecular clouds in the LMC that are associated with small HII regions (Kawamura et
al. 2009). A theoretical constraint provides a similar answer: a star cluster must have a mass of at
least 2000M⊙ to contain a single O star if it follows the standard initial mass function (Koda et al.
2012). Assuming a star formation efficiency of a couple percent in mass, the parent cloud should
have a molecular gas mass of 105M⊙ at the very minimum. If 105M⊙ clouds do not exist in the
ALMA field, then the efficiency of forming high-mass stars would have to be exceptionally high in
this extremely low-density environment.
We expect at least one molecular cloud per HII region, but more likely 2-3 molecular clouds

per HII region given the lifetime ratio between molecular clouds that are capable of forming O stars

Figure 2: Molecular-hydrogen Kennicutt-Schmidt relation for all the star forming regions beyond the
optical radius with published CO detections or deep CO upper limits (from Watson et al. 2016 on the left
and Dessauges-Zavadsky et al. 2014 on the right for M63). The solid line in the left panel shows the fit for
the optical disk of normal spiral galaxies (at kpc resolution). The star forming regions in XUV disks are in
general consistent with the same Kennicutt-Schmidt relation that applies within the optical disk, but with
some significant outliers. The large fraction of CO-dark molecular gas that we predict in this proposal could
lead to better consistency between the XUV and optical disks.

2

Watson et al. 2016
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CO-Dark Molecular Gas in the Extended
Ultraviolet Disk of M83 Revealed by Dust

Continuum Observations
PI: L. C. Watson

1 The Interstellar Medium and Star Formation in XUV Disks:

The outer disks of spiral galaxies offer the opportunity to study the connections between the inter-
stellar medium and star formation in extreme conditions with low average gas density and molecular
fraction. The 4 − 14% of galaxies with extended ultraviolet (XUV) disks offer further extreme con-
ditions (Gil de Paz et al. 2005; Thilker et al. 2005; Lemonias et al. 2011). First, galaxies with XUV
disks generally have far-ultraviolet (FUV) emission out to at least twice the optical radius, which
reveals abundant and relatively recent (< 100Myr) star formation (see Figure 1 for the example of
M83). In addition, XUV disks often exhibit lower Hα-to-FUV flux ratios compared to the optical
disk, which likely demonstrates the importance of stochastic sampling of the initial mass function
and/or bursty star formation histories (e.g., Alberts et al. 2011; Koda et al. 2012).
To understand the origin and evolution of the star formation in XUV disks, we must study the

molecular clouds out of which those stars form. However, the numerous efforts to detect CO emission
from the molecular clouds in XUV disks have rarely succeeded. Only four galaxies have published
CO detections beyond the optical radius (Braine et al. 2004, 2007, 2010; Dessauges-Zavadsky et al.

Figure 1: Left: GALEX FUV image of M83 (grayscale) with an HI contour (blue) at NHI = 1.5×1020 cm−2

(Miller et al. 2009). The 1.5′ × 3′ (2 kpc× 4 kpc) field with CO(2-1) data from ALMA Cycle 2 (red) is at
∼ 1.4 r25, where r25 is the radius of the edge of the optical disk (magenta). Right: Zoom-in on the CO(2-1)

field in FUV (top), Hα continuum-subtracted (middle; Koda et al. in prep.), and HI 21 cm (bottom; Walter
et al. 2008). We selected the 0.5′ × 0.5′ (0.7 kpc× 0.7 kpc) field (red square) for our proposed observations
because it contains the highest density HI peak and because it contains at least three HII regions. We

predict that we will detect the dust emission from at least 6-9 molecular clouds with SNR > 10.

1

M83 

7



First look

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spectrum No highly significant CO was 
detected!!!!!
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Subaru data provided by Jim Koda

!!!!!!!!!!!!!!!!!!!!M83!!
!!!!!!!!!!Hα!posi8ons!

Halpha image We take 13 points for our 
study. 
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Bolatto et al 2013

Hypothesis 

 We should expect to see the CO emission in 
M83. 

One possibility is that the molecular clouds in 
our observations are CO-dark molecular 
hydrogen.

It isn’t the metallicity: 
CO-to-H2 convertor
XCO diverges from below to 12+log(O/H)=8.4

14

(∼ 20−30Myr) and HII regions (∼ 10Myr). Therefore, the ALMA field should have 20-30 molecular
clouds with masses of ∼ 3× 105M⊙ or larger.
The ALMA CO(2-1) data reached a 1σ mass sensitivity of 1.8× 104M⊙ (the rms is 10.3mJy in a

2.5 km s−1-wide channel; we assumed the Galactic CO-to-H2 conversion factor, a CO(2-1)/CO(1-0)
line ratio of 0.7, and a line width of 20 km s−1; the beam size is 1.6′′, which is 40 pc at the distance
of M83, such that the low-mass molecular clouds are only just unresolved). Given the CO(2-1) mass
sensitivity and the lifetime argument above, we would have expected the CO(2-1) map to contain
20-30 molecular clouds detected with > 17σ. However, the team reports that they detected no
CO(2-1) emission at such high significance (C. Verdugo PhD thesis). They have hints of detections
(4−5σ) that they are investigating to determine if molecular clouds with mass < 105M⊙ are present.
However, it is very unlikely that < 105M⊙ molecular clouds formed the O stars in the ALMA field.

3 Why is CO so weak in the XUV disk of M83 when we expected 20-30
molecular clouds to be detected with high significance?

We hypothesize that no highly significant CO(2-1) was detected in the M83 XUV disk because the
molecular clouds are dominated by CO-dark molecular hydrogen. The fraction of a molecular cloud
that emits at CO shrinks as the visual extinction drops below AV ∼ 2 (Figure 3; Wolfire et al. 2010;
Bolatto et al. 2013). To estimate the molecular cloud mass from CO emission, one must use a larger
CO-to-H2 conversion factor (XCO).
Most observational studies have concentrated on the metallicity dependence of XCO, but metal-

licity cannot explain why no highly significant CO(2-1) was detected in the ALMA field
in the XUV disk of M83. XCO diverges from the solar value below 12 + log(O/H) ∼ 8.2 (Leroy
et al. 2011; Sandstrom et al. 2013) and no HII region in the ALMA field has such a low metallicity;
the average metallicity of the HII regions is 12 + log(O/H) = 8.4 (Bresolin et al. 2009 using the N2
method calibrated by Pettini & Pagel 2004). Furthermore, even if we used the highest XCO possible
(twice the solar value) for 12+ log(O/H) = 8.4 given the scatter in the XCO-metallicity relation, the
3× 105M⊙ molecular clouds would have been detected at 8σ.

Figure 3: Bolatto et al. (2013) cartoon demonstrating the larger fraction of CO-dark molecular gas at
low metallicity and dust-to-gas ratio (DGR; top panel), and for small star forming clumps (bottom panel).
Molecular hydrogen is present in the full area of each circle but CO is only present in the darkest blue
region. Metallicity, DGR, and radius increase to the left. The known trend between XCO and metallicity
cannot explain why no highly significant CO(2-1) was detected in the ALMA field. We instead hypothesize
that XUV disks have a large fraction of CO-dark molecular gas because the strong local FUV radiation field
preferentially dissociates CO and/or because the small star forming clumps in outer disks emit less in CO
than the larger clumps that are present within the optical disk.
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Conclusion
❖ Our progress in understanding these XUV disks has been 

halted by the difficulty of detecting molecular gas via CO 
emission.

❖ In particular, no highly significant (> 5 sigma ) CO was 
detected in ALMA maps of the  XUV disk of M83 when we 
expected to detect 20-30 molecular clouds with  SNR> 17 .

❖ We hypothesize that the molecular clouds in the ALMA data 
are CO-dark, caused by the strong UV radiation field, which 
dissociates CO preferentially, due to small size of the star 
forming clumps in the outer regions of galaxies
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CO-Dark Molecular Gas in the Extended
Ultraviolet Disk of M83 Revealed by Dust

Continuum Observations
PI: L. C. Watson

1 The Interstellar Medium and Star Formation in XUV Disks:

The outer disks of spiral galaxies offer the opportunity to study the connections between the inter-
stellar medium and star formation in extreme conditions with low average gas density and molecular
fraction. The 4 − 14% of galaxies with extended ultraviolet (XUV) disks offer further extreme con-
ditions (Gil de Paz et al. 2005; Thilker et al. 2005; Lemonias et al. 2011). First, galaxies with XUV
disks generally have far-ultraviolet (FUV) emission out to at least twice the optical radius, which
reveals abundant and relatively recent (< 100Myr) star formation (see Figure 1 for the example of
M83). In addition, XUV disks often exhibit lower Hα-to-FUV flux ratios compared to the optical
disk, which likely demonstrates the importance of stochastic sampling of the initial mass function
and/or bursty star formation histories (e.g., Alberts et al. 2011; Koda et al. 2012).
To understand the origin and evolution of the star formation in XUV disks, we must study the

molecular clouds out of which those stars form. However, the numerous efforts to detect CO emission
from the molecular clouds in XUV disks have rarely succeeded. Only four galaxies have published
CO detections beyond the optical radius (Braine et al. 2004, 2007, 2010; Dessauges-Zavadsky et al.

Figure 1: Left: GALEX FUV image of M83 (grayscale) with an HI contour (blue) at NHI = 1.5×1020 cm−2

(Miller et al. 2009). The 1.5′ × 3′ (2 kpc× 4 kpc) field with CO(2-1) data from ALMA Cycle 2 (red) is at
∼ 1.4 r25, where r25 is the radius of the edge of the optical disk (magenta). Right: Zoom-in on the CO(2-1)

field in FUV (top), Hα continuum-subtracted (middle; Koda et al. in prep.), and HI 21 cm (bottom; Walter
et al. 2008). We selected the 0.5′ × 0.5′ (0.7 kpc× 0.7 kpc) field (red square) for our proposed observations
because it contains the highest density HI peak and because it contains at least three HII regions. We

predict that we will detect the dust emission from at least 6-9 molecular clouds with SNR > 10.
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