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RCS2 J232727.6-020437 
M ~3×1015 M⊙, z = 0.7              Sharon et al. 2015 





RCS2 J032727-132627 
M ~1015 M⊙, zCL = 0.56              Wuyts et al. 2010 
zarc = 1.7, rAB = 19.1         
38” length in 4 images  
u ~ < 30x >  from 4x to 100x

One of the 
brightest arcs 

known



Strong lensing depends on three elements 

1. The lens - here the cluster of galaxies 

2. The source -  the distant galaxy 

3. The distances - cosmology



HST imaging 
Lens model

Sharon et al 2012



An accurate model allows us to study this  
galaxy in a x100 pc scale



Whitaker et al  2012

SFR mass sequence for star forming galaxies 
(integrated quantities) 



Whitaker et al 2014

RCS0327 provides an 
opportunity for probing low 
mass galaxies at high 
redshifts 

*individual clumps 



• We conducted an ALMA program to map the dust and 
molecular gas in the RCS0327 arc, similarly to what 
has been done in the OIR  

• CO(3-2), CO(6-5), CO(8-7) and [CII]



127.895 GHz Band 4

2.54”× 1.85”

ICO(3−2) = 0.557± 0.071 Jy km s−1

SCO(3−2) = 2.3± 0.3mJy

dv ≈ 239.3 km s
−1

S875µm = 141± 31µJy.



255.746 GHz Band 6

ICO(6−5) = 0.885± 0.117 Jy km s−1

SCO(6−5) = 3.7± 0.3mJy

S450µm = 960± 98µJy

2.16”× 2.08”







uvmcmcfit (Bussmann et al. 2013)

µCO(3−2) = 33.1
+5.0
−4.9

rs = 0.142
+0.025
−0.027 arcseconds

µCO(6−5) = 47.4
+11.9
−9.2

rs = 0.055
+0.021
−0.018 arcseconds

Source plane reconstruction



µ450µm = 38.5
+23.5
−20

rs = 0.147
+0.051
−0.035 arcseconds

Source plane reconstruction



Resolved properties



Resolved properties



Resolved properties
SCO(6�5)

SCO(3�2)



We managed to detect CO lines and dust emissions in a relatively 
faint galaxy at z=1.7. 

Using the best lens model available we were able to resolved the 
molecular gas and dust emission down to sub-kpc scale on the 

galaxy. 

We find that RCS0327 is consistent with being a starburst and 
has properties similar to local low-metallicity starburst BCDs.

The detected CO(3-2) and CO(6-5) return a CO excitation level 
consistent with having the  peak at J~5 at large scales. Which is 

a combination of compact and extended gas different with 
excitations.

Summary



What is next?

• Exploit the higher resolution of ALMA 

• Include [CII] 

• Expand this study to other lensed galaxies 

• We got ACA time for a small sample
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Figure 13. Radial variation of clump properties. The x-axis corresponds to the
projected source-plane distance from each clump to clump g. Red and blue
symbols denote results from the SED fit with the Calzetti and SMC extinction
laws, respectively. Orange and green symbols correspond to OSIRIS results and
blue symbols show long-slit spectroscopy with NIRSPEC and FIRE. Error bars
only reflect statistical uncertainties. Top left: F390W-F814W rest-frame UV
color; top right: stellar age; bottom left: reddening from the SED fit and from
the Balmer ratio; bottom right: metallicity.
(A color version of this figure is available in the online journal.)

4.6. Radial Variation of Clump Properties

Any trends in clump properties with respect to their location
within the galaxy can provide additional constraints on the
clump origin. No correlation is expected among the properties
of separate interacting components. Since there is no clear
definition of the galaxy center for RCSGA0327, we adopt
the position of clump g, which is the brightest clump and
corresponds to a strong peak in stellar mass surface density
(see Section 5). For each clump, the projected distance to clump
g is measured in the reconstructed source-plane images. The
top left panel of Figure 13 shows the rest-frame U − V color
F606W–F160W as well as a measure of the UV slope from
the F390W–F814W color. We see a slight radial trend, where
clumps become redder by 0.5–1 mag when moving east from
clump a toward clump g. Such color trends have been interpreted
as evidence for a radial age trend, confirming a picture of radial
migration of clumps formed through gravitational collapse of
a turbulent disk (Guo et al. 2012). However, rest-frame UV
color is governed by a degeneracy among age, metallicity, and
dust extinction and a color trend can be caused by a trend in
any of these parameters. The top right panel shows the stellar
age as derived from the SED using both the Calzetti and SMC
extinction laws (filled and open red squares, respectively). The
stellar age remains roughly constant across the clumps, within
the significant uncertainties. There is some evidence for an
increase in reddening toward clump g, as shown in the bottom
left panel. Some correlation between color and reddening is
expected from the SED modeling, but the trend is confirmed by
the reddening of the ionized gas derived from the NIRSPEC and
FIRE spectra (blue filled circles).

The bottom right panel of Figure 13 shows the [N ii]/
Hα ratio, as measured in OSIRIS, as well as the NIRSPEC

and FIRE spectra. The [N ii]/Hα ratio shows a mostly flat
gradient across the clumps, with the exception of clump e.
We have discussed in Section 4.5 how the elevated [N ii]/
Hα ratio for this clump is likely due to an increased electron
density and/or shock excitation in the outflow. Based on the
R23 indicator, the metallicity of clump e agrees with the other
clumps. A flat metallicity gradient supports the scenario of an
ongoing interaction within the system. In merger simulations,
galaxy metallicity gradients are found to flatten as the merger
progresses and low-metallicity gas is transported from the
outskirts of the interacting galaxies to the central region (Rupke
et al. 2010a). This has been seen in local close-pair spiral
galaxies (Kewley et al. 2010; Rupke et al. 2010b) and local
LIRGs (Rich et al. 2012). IFS studies of both lensed and non-
lensed z ∼ 2 SFGs are also finding flatter or even inverted
metallicity gradients in interacting systems, although samples
are still small (Jones et al. 2013).

4.7. Clump Scaling Relations

The five well-measured clumps in RCSGA0327 present a
sizeable contribution to the current sample of 40 star-forming
regions in z ∼ 2 SFGs with reliable Hα measurements: (1) five
clumps from three z ∼ 2 SINS galaxies (Genzel et al. 2011),
(2) eight clumps from three massive SFGs at z ∼ 1.3 from the
WiggleZ survey (Wisnioski et al. 2012), (3) eight clumps from
four lensed galaxies at z = 1.6–2.6 (Jones et al. 2010), (4) nine
clumps from four Hα-selected galaxies at z = 1.4 and z = 2.2
from HiZELS (Swinbank et al. 2012), and (5) 10 clumps in
three submillimeter-selected galaxies (SMGs) at z = 1.4–2.4
(Menéndez-Delmestre et al. 2013). Additionally, Livermore
et al. (2012) use HST/WFC3 narrowband imaging centered
on Hα to study clump sizes and luminosities in an additional
eight lensed galaxies at z = 1–1.5; they have no kinematic
information. Figure 14 compares Hα luminosity (uncorrected
for dust extinction), size, and velocity dispersion measurements
for the sample of high-z clumps with local scaling relations
among these parameters taken from Wisnioski et al. (2012).
These authors have remeasured all clump sizes consistently with
2D elliptical Gaussian fits. The size-luminosity relation in the
left panel clearly shows how the three lensing studies (Jones
et al. 2010; Livermore et al. 2012, and this work) probe clump
sizes up to an order of magnitude smaller than what can be
resolved in non-lensed studies. The clumps in RCSGA0327 are
broadly consistent with the other high-z clumps and lie roughly
two orders of magnitude above the local luminosity-size scaling
relation. As was first pointed out by Livermore et al. (2012),
the offset seems to increase with redshift. These authors found
correlations between clump SFR surface density and the SFR
surface densities and gas surface densities of the host galaxies.
As such, high-redshift clumps appear to be scaled-up analogs
of local H ii regions, simply bigger and brighter because of the
increasing gas fractions in high-z SFGs.

It is worth asking whether the dynamical state of the host
galaxy plays a role in determining the clump SFR surface den-
sities. In the local universe, giant H ii regions found in interacting
systems (shown with black filled diamonds) show systematically
higher SFR surface densities compared with giant H ii regions
in local spirals (open diamonds). At high redshift, we do not see
elevated SFR surface densities for clumps within kinematically
classified interacting systems (RCSGA0327, two lensed galax-
ies from Jones et al. 2010, one HiZELS source from Swinbank
et al. 2012, and three SMGs studied by Menéndez-Delmestre
et al. 2013). It would be very valuable to obtain direct gas
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Figure 5. Source-plane maps of the F390W flux, Hα flux, velocity, and velocity dispersion for image 3. The latter three maps are smoothed with a boxcar average of
3 pixels for the purpose of visualization.The x- and y-axes are centered on clump g; clumps g, e, and b are marked by black crosses (from left to right). The kinematic
axis and the axis along the “arm” that extends to the northeast from clump g are overlaid on the velocity map as dashed and solid lines, respectively.
(A color version of this figure is available in the online journal.)

Figure 6. Source-plane maps for image 2, which contains a smaller, but more highly magnified part of the source-plane galaxy. The size, centering, and scaling of the
maps is identical to Figure 5. Clumps e and b are marked by black crosses (from left to right).
(A color version of this figure is available in the online journal.)

the source-plane F160W image, including the arm that extends
to the northeast. With a radius re =

√
A/π = 7.1 kpc and a

stellar mass of 6 × 109 M⊙ (Wuyts et al. 2012a), RCSGA0327
lies near the upper extreme of the size-mass relation of SFGs
at z ∼ 2, even when taking into account the considerable
scatter in this relation (Franx et al. 2008; Williams et al. 2010;
Wuyts et al. 2011; Barro et al. 2013). Thus, as an isolated

galaxy, this system would be unusually large for its stellar
mass.

4. PHYSICAL PROPERTIES OF CLUMPS

This section covers measurements of the individual star-
forming regions that can be identified in RCSGA0327. From
the WFC3 imaging, we measure broadband photometry and use

6
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Bordoloi et al. 2016
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ALMA observations of a young lensed starburst at z = 1.7 7

task statwt and we also re-scale the weights accordingly
as described in González-López et al. (2017).
For the case of RCS0327, to fit the detection emis-

sions we used the best fit lensing model found by Sharon
et al. (2012). Both fits converged after ⇠ 10, 000 it-
erations. For the case of CO(3-2), a single 2d ellipti-
cal Gaussian was needed to fit the observed emission,
we found the intrinsic flux of SCO(3�2) = 70.5+5.1

�5.6 µJy
(for the frequency range of ⇡ 239.3 km s�1), e↵ec-
tive radius rs = 0.142+0.025

�0.027 arcseconds, the axial ratio
qs = 0.37+0.11

�0.10, and the position angle in degrees east
of north �s = 60+13

�08. The flux weighted magnification
value for CO(3-2) is µCO(3�2) = 33.1+5.0

�4.9 and an intrin-
sic CO(3-2) luminosity of L0

CO(3�2) = 2.90+0.21
�0.23 ⇥ 108

Kkms�1 pc2.
In the case of CO(6-5), a single component gives

SCO(6�5) = 77.7+13.8
�12.9 µJy (for the frequency range of ⇡

239.3 km s�1), e↵ective radius rs = 0.055+0.021
�0.018 arcsec-

onds, the axial ratio qs = 0.6+0.2
�0.3, and the position angle

in degrees east of north �s = 92+49
�43. The flux weighted

magnification value for CO(6-5) is µCO(6�5) = 47.4+11.9
�9.2

and an intrinsic CO(6-5) luminosity of L
0
CO(6�5) =

8.0+1.4
�1.3 ⇥ 107 Kkms�1 pc2.
To fit the continuum emission at 450µm, we needed

two Gaussians in the source plane, since a single compo-
nent was not enough to account for the whole observed
flux outside the PB in Figure 1. The main component is

well described by a Gaussian with S450µm = 23.5+26.8
�8.1

µJy, rs = 0.147+0.051
�0.035 arcseconds, qs = 0.24+0.34

�0.12 and
�s = 98+15

�08 degrees. The second component returns the
following parameters; S = 25.5+12.5

�10.6 µJy, rs = 0.17+0.12
�0.07

arcseconds, qs = 0.28+0.35
�0.15 and �s = 149+18

�16 degrees.
The flux weighted magnification value for the main com-
ponent of continuum emission is µ450µm = 38.5+23.5

�20 ,
while for the second component is µ = 28.1+27.0

�15.3.
In Figure 2 we present the observed emission for CO(3-

2), CO(6-5) and continuum at 450µm (left panels), the
image plane representation of the best fit model found
for each case (middle panels), the residual images ob-
tained after subtracting the best model simulated visi-
bilities from the observed ones (right panels). In all cases
cases the best fit models appear to account for most of
the observed emissions. Recent high resolution imaging
of high-redshift SMGs have shown no strong preference
between fitting the dust continuum emission with Gaus-
sian or Sérsic profiles (Hodge et al. 2016), supporting
the usage of a simple 2d elliptical Gaussian function. In
the case of the continuum emission, the second Gaus-
sian responsible for the second component also appears
below the main arc but since the magnification is lower,
it does not appear as bright as the main arc and does
not a↵ect the residuals.

4.2. Gas and dust distribution

Table 1. Flux density values measured in the source plane.

Region S450µm SCO(3�2)
a SCO(6�5)

a SCO(6�5)/SCO(3�2) ⌃H2
b ⌃SFR

µJy µJy µJy M� pc�2 M� yr�1 kpc�2

(1) (2) (3) (4) (5) (6) (7)

Main Component 48.1+54.9
�16.6 70.5+5.1

�5.6 77.1+13.8
�12.9 1.1± 0.2 16.2+5.8

�3.5 0.27+0.43
�0.13

01 4.0± 0.9 6.7± 3.3 3.6± 3.4 0.5± 0.6 7.1± 3.5 0.16+0.15
�0.04

02 6.9± 1.0 12.3± 1.8 16.3± 6.4 1.3± 0.6 13.0± 1.9 0.27+0.17
�0.04

03 1.4± 0.6 6.6± 2.1 0.0± 1.6 < 0.5 7.0± 2.2 0.06+0.10
�0.02

04 0.0± 0.3 1.2± 1.1 0.0± 1.6 · · · < 2.3 < 0.10

05 0.0± 0.2 0.1± 0.7 0.0± 1.5 · · · < 1.5 < 0.07

06 0.0± 0.2 0.0± 0.7 0.0± 1.6 · · · < 1.5 < 0.07

07 0.0± 0.3 0.0± 0.7 0.0± 1.8 · · · < 1.5 < 0.10

08 0.5± 0.3 5.0± 3.1 10.2± 9.7 · · · < 6.6 < 0.10

09 3.3± 1.0 12.8± 1.9 38.7± 9.9 3.0± 0.9 13.5± 2.0 0.13+0.17
�0.04

10 3.0± 1.9 12.7± 2.7 0.0± 1.6 < 0.3 13.4± 2.9 < 0.64

Table 1 continued

H2 = 3.51
+0.26
−0.28 × 108M⊙

Resolved properties
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Fig. 2. Spectral line energy distributions (SLEDs) of the CO molecular
for the three galaxy types, averaged over the different snapshots and
projections analyzed for each galaxy type. The SLEDs are normalized
to the CO(1−0) line intensity. See text for details on the fluctuations
between snapshots and projections at a fixed galaxy type.

in simulations that employ more modest maximal resolutions
(Narayanan et al. 2011; Feldmann et al. 2012a). When required,
we hereafter assume that the ISM becomes molecular above a
simple density threshold. We use two values for the threshold,
of 10 and 50 cm−3, and keep the average result. These two val-
ues bracket the typical densities at which the ISM starts to be
molecule-dominated in state-of-the-art models of entire galax-
ies with an accurate molecule formation scheme (e.g., Feldmann
et al. 2012b). The fraction of the ISM mass encompassed in the
10−50 cm−3 range is small enough for the related uncertainty on
the results to be limited, and smaller than case-to-case fluctu-
ations for each type of galaxy (uncertainty below 10% for the
αCO).

3. Results
3.1. CO spectral line energy distributions

The CO spectral line energy distributions (SLED) are shown
in Fig. 2 for each type of galaxy, averaged over the differ-
ent snapshots and projections analyzed and normalized to the
CO(1−0) line intensity. While there are strong differences with
galaxy type, the differences between different snapshots or pro-
jections for a given galaxy type are relatively small. The rms in-
dividual variations of the ICO(2−1)/ICO(1−0) over individual snap-
shots range from 12% for the spiral galaxy to 16% for the
high-z disk and 32% for the SB merger. The rms variations of
the ICO(5−4)/ICO(1−0) range from 21% for the spiral galaxy to 27%
for the high-z disk and 56% for the SB merger. As a result, the
differences in the average CO SLED between the various types
of galaxies, as seen in Fig. 2, are much greater than the intrinsic
variations at fixed galaxy type.

The intrinsic variations in the SLED are larger for the
SB merger than for the spiral and high-z disk, which can be at-
tributed to the varying level in the starburst activity. All the se-
lected snapshots for the SB merger correspond to phases where
the SFR is elevated, but the exact level of SF activity varies,
and the physical properties of the starbursting ISM also vary in
this model. The starburst starts in a highly fragmented, spatially-
extended medium, and evolves toward a more concentrated nu-
clear starburst, thereby qualitatively recovering the observed
variety of starbursting mergers (see Renaud et al. 2014, for de-
tails). Based on this, and given that the SB merger analyzed here

1
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Fig. 3. Face-on gas density map of a snapshot of our high-z disk
model, used to analyze the contribution of “giant clumps” to the global
CO SLED. The gray-scale inset displays a mock HST-like optical ob-
servation (B-band rest-frame emission with a Gaussian PSF of FWHM
500 pc), which shows an irregular structure with a few giant clumps and
some spiral arms, typical of real z ≈ 2 star-forming galaxies (Elmegreen
et al. 2007). The seven giant clumps (with stellar masses above 108 M⊙)
are circled on the gas map, with the clump radius computed as in
Bournaud et al. (2014). These seven clumps contain about half of the
total SFR and one third of the total gas mass. The SLEDs correspond-
ing to the emission for the clump regions and from the rest of the galaxy
are analyzed in Fig. 4. Gas number densities are in cm−3, and the map
is smoothed at a 10 pc scale.

is about the ILRG/ULIRG transition, its average SLED should
be considered as representative of such systems, which are rela-
tively common among major mergers. More extreme starbursts
that are less common at least at low redshift could very likely
show even greater excitation in their CO SLED properties.

The CO SLED of the spiral galaxy model is consistent with
that of the Milky Way disk, and that of the SB merger model
is consistent with observations of starbursting mergers about the
LIRG/ULIRG activity levels (see Introduction). Our AMR sim-
ulations and LVG analysis thus yield realistic results for these
two classes of galaxies, for which the typical SLED properties
are relatively well constrained observationally – as opposed to
high-redshift disks. As for the high-redshift disks, we find that
the predicted CO SLED is generally closer to that of a spiral
galaxy than of a starbursting merger, but with a significant ex-
cess of high-excitation components compared to spiral galaxies.
The ICO(2−1)/ICO(1−0) and ICO(3−2)/ICO(1−0) ratios for the high-z
disk are moderately higher than for the spiral galaxy model, but
these ratios become much greater than in the spiral galaxy model
when CO transitions with Jupper ≥ 4 are considered. Actually, the
high-z disk model presents a surprisingly high ICO(4−3)/ICO(3−2)
ratio, greater than its ICO(3−2)/ICO(2−1) ratio, and this is a prop-
erty that is not met in spiral disks and SB mergers. It is found in
almost all snapshots (7 out of 8) of the high-z disk model. The
physical origin of the high-excitation components in high-z disks
compared to SB mergers will be analyzed later in Sect. 4.

3.2. Dissecting high-redshift clumpy disks

To understand the origin of the high-excitation components in
the CO SLED of high-redshift disks compared to nearby spirals,

A56, page 4 of 13

Comparison with simulations



A&A 575, A56 (2015)

0 2 4 6 8
0

2

4

6

8

10
nearby spiral
SB merger
high-z disk

Jupper

I C
O

 / 
I C

O
(1

-0
)

Fig. 2. Spectral line energy distributions (SLEDs) of the CO molecular
for the three galaxy types, averaged over the different snapshots and
projections analyzed for each galaxy type. The SLEDs are normalized
to the CO(1−0) line intensity. See text for details on the fluctuations
between snapshots and projections at a fixed galaxy type.

in simulations that employ more modest maximal resolutions
(Narayanan et al. 2011; Feldmann et al. 2012a). When required,
we hereafter assume that the ISM becomes molecular above a
simple density threshold. We use two values for the threshold,
of 10 and 50 cm−3, and keep the average result. These two val-
ues bracket the typical densities at which the ISM starts to be
molecule-dominated in state-of-the-art models of entire galax-
ies with an accurate molecule formation scheme (e.g., Feldmann
et al. 2012b). The fraction of the ISM mass encompassed in the
10−50 cm−3 range is small enough for the related uncertainty on
the results to be limited, and smaller than case-to-case fluctu-
ations for each type of galaxy (uncertainty below 10% for the
αCO).

3. Results
3.1. CO spectral line energy distributions

The CO spectral line energy distributions (SLED) are shown
in Fig. 2 for each type of galaxy, averaged over the differ-
ent snapshots and projections analyzed and normalized to the
CO(1−0) line intensity. While there are strong differences with
galaxy type, the differences between different snapshots or pro-
jections for a given galaxy type are relatively small. The rms in-
dividual variations of the ICO(2−1)/ICO(1−0) over individual snap-
shots range from 12% for the spiral galaxy to 16% for the
high-z disk and 32% for the SB merger. The rms variations of
the ICO(5−4)/ICO(1−0) range from 21% for the spiral galaxy to 27%
for the high-z disk and 56% for the SB merger. As a result, the
differences in the average CO SLED between the various types
of galaxies, as seen in Fig. 2, are much greater than the intrinsic
variations at fixed galaxy type.

The intrinsic variations in the SLED are larger for the
SB merger than for the spiral and high-z disk, which can be at-
tributed to the varying level in the starburst activity. All the se-
lected snapshots for the SB merger correspond to phases where
the SFR is elevated, but the exact level of SF activity varies,
and the physical properties of the starbursting ISM also vary in
this model. The starburst starts in a highly fragmented, spatially-
extended medium, and evolves toward a more concentrated nu-
clear starburst, thereby qualitatively recovering the observed
variety of starbursting mergers (see Renaud et al. 2014, for de-
tails). Based on this, and given that the SB merger analyzed here

1

10

100

103

104

Fig. 3. Face-on gas density map of a snapshot of our high-z disk
model, used to analyze the contribution of “giant clumps” to the global
CO SLED. The gray-scale inset displays a mock HST-like optical ob-
servation (B-band rest-frame emission with a Gaussian PSF of FWHM
500 pc), which shows an irregular structure with a few giant clumps and
some spiral arms, typical of real z ≈ 2 star-forming galaxies (Elmegreen
et al. 2007). The seven giant clumps (with stellar masses above 108 M⊙)
are circled on the gas map, with the clump radius computed as in
Bournaud et al. (2014). These seven clumps contain about half of the
total SFR and one third of the total gas mass. The SLEDs correspond-
ing to the emission for the clump regions and from the rest of the galaxy
are analyzed in Fig. 4. Gas number densities are in cm−3, and the map
is smoothed at a 10 pc scale.

is about the ILRG/ULIRG transition, its average SLED should
be considered as representative of such systems, which are rela-
tively common among major mergers. More extreme starbursts
that are less common at least at low redshift could very likely
show even greater excitation in their CO SLED properties.

The CO SLED of the spiral galaxy model is consistent with
that of the Milky Way disk, and that of the SB merger model
is consistent with observations of starbursting mergers about the
LIRG/ULIRG activity levels (see Introduction). Our AMR sim-
ulations and LVG analysis thus yield realistic results for these
two classes of galaxies, for which the typical SLED properties
are relatively well constrained observationally – as opposed to
high-redshift disks. As for the high-redshift disks, we find that
the predicted CO SLED is generally closer to that of a spiral
galaxy than of a starbursting merger, but with a significant ex-
cess of high-excitation components compared to spiral galaxies.
The ICO(2−1)/ICO(1−0) and ICO(3−2)/ICO(1−0) ratios for the high-z
disk are moderately higher than for the spiral galaxy model, but
these ratios become much greater than in the spiral galaxy model
when CO transitions with Jupper ≥ 4 are considered. Actually, the
high-z disk model presents a surprisingly high ICO(4−3)/ICO(3−2)
ratio, greater than its ICO(3−2)/ICO(2−1) ratio, and this is a prop-
erty that is not met in spiral disks and SB mergers. It is found in
almost all snapshots (7 out of 8) of the high-z disk model. The
physical origin of the high-excitation components in high-z disks
compared to SB mergers will be analyzed later in Sect. 4.

3.2. Dissecting high-redshift clumpy disks

To understand the origin of the high-excitation components in
the CO SLED of high-redshift disks compared to nearby spirals,
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Fig. 4. CO SLEDs for the total galaxy, the seven giant clumps, and the
rest of the gas on the high-z disk snapshot shown in Fig. 3.

we performed a spatially resolved analysis of the representative
snapshot shown in Fig. 3. This is the third snapshot in the time
sequence of our high-z disk simulation, so it has a gas fraction
and clumpiness close to the average of the other snapshots, and
it is representative of a typical z ≈ 2 main sequence disk galaxy.
We checked separately that the other snapshots show the same
behavior in their spatially resolved properties, and here we show
the results averaged over three perpendicular projections for the
selected snapshots.

The chosen high-redshift disk snapshot has a clumpy and ir-
regular morphology that is typical of high-redshift galaxies, and
a gas fraction of 53% at the instant analyzed. We identified the
seven most massive clumps and measured their optical radius
as in Bournaud et al. (2014). These giant clumps have baryonic
masses in the 1.7−7.3 × 108 M⊙ range and contribute to 57%
of the total SFR of the galaxy. The interclump medium has a
lower average density but does contain high-density clouds on
small scales, with individual masses and sizes closer to that of
low-redshift molecular clouds. This provides a significant com-
ponent of relatively diffuse star formation (although clustered on
small scales <100 pc).

The CO SLEDs were measured separately for the main gi-
ant clumps (summed over the clumps) and for the rest of the
galaxy, i.e. the interclump medium. The results are shown and
compared to the entire galaxy in Fig. 4. The clumps gas has
a high-excitation SLED with an intensity ratio peaking at the
5−4 transition, which is qualitatively similar to the starbursting
merger type. In contrast, the SLED of the interclump medium
peaks in the CO(3−2) line, and the relative line ratios are close to
those measured for nearby spirals, with differences smaller than
20% for CO(2−1), CO(3−2) and CO(4−3) intensities relative to
CO(1−0). A moderate excess is found for higher-J transitions
(about 35% in intensity) compared to nearby spirals.

The global CO SLED of high-z star-forming disk galaxies
thus appears to result from the combination of a low-excitation,
nearly Milky-Way-like component in the diffuse disk, contain-
ing about half of the total gas mass and one third of the star
formation rate, and a higher-excitation component in a few giant
clumps that contain two thirds of the total star formation rate.
The origin of the high CO excitation there is analyzed in the next
section. The combination of these two components results in the
increased CO(4−3)/CO(3−2) line intensity ratio compared to the
CO(3−2)/CO(2−1) one, a feature found in the high-z snapshot
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Fig. 5. Statistical distribution of the CO luminosity-to-H2 mass conver-
sion factor (αCO) for each galaxy type. The symbols indicate the ex-
treme values, quartiles, and median for each galaxy type. The statistical
scatter is dominated by variations between snapshots and projections,
the uncertainty on the molecular mass itself being a minor contribution
to the scatter (see text). The gray dots show individual giant clumps in
a representative high-redshift galaxy (see Sect. 3.2 and Fig. 3).

Table 2. Average value of the αCO conversion factor for each galaxy
type, averaged over all snapshots and projections.

Model αCO range
spiral 4.3–4.7
high-z disk 3.9–4.5
SB merger 1.7–2.2

Notes. The indicated range corresponds to the extreme assumptions for
the molecular mass definition. αCO is in M⊙ (K km s−1 pc2)−1 throughout
the manuscript.

analyzed here (Figs. 3, 4) and on average for high-z disk snap-
shots (Fig. 2).

3.3. CO luminosity-to-molecular gas mass conversion factor

The CO(1−0) line intensity measured in the various snapshots
and projections is compared to the mass of molecular gas present
in the simulations, derived with various assumptions detailed in
Sect. 2. This yields a statistical distribution of the αCO conver-
sion factor for each galaxy class, as displayed in Fig. 5. We sum-
marize in Table 2 the average value of αCO for the highest and
lowest assumptions on the molecular gas mass, for each galaxy
type. Our extreme assumptions on the molecular gas mass defi-
nition yield an uncertainty of 6–10% on the average αCO for the
various galaxy types. This is smaller than the variations between
snapshots and projections, which induce an rms variation in the
recovered αCO factor of 11% for spirals, 13% for high-redshift
disks, and 22% for starbursting mergers.

The larger relative variations in αCO for SB mergers cor-
respond to the natural variations in the SFR activity along the
merger time sequence. We compare in Fig. 6 the median estimate
of αCO to the SFR for individual snapshots of the SB merger
model. There is a trend toward lower αCO values when the SFR
is at its highest, i.e. about 80−100 M⊙ yr−1. While our SB merger
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