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Abstract

The spectral line energy distribution of carbon monoxide contains information about the physical conditions of the
star-forming molecular hydrogen gas; however, the relation to local radiation field properties is poorly constrained.
Using ∼1–2 kpc scale Atacama Large Millimeter Array observations of CO(3−2) and CO(4−3), we characterize
the CO(4−3)/CO(3−2) line ratios of local analogues of main-sequence galaxies at z∼ 1–2, drawn from the
DYnamics of Newly Assembled Massive Objects (DYNAMO) sample. We measure CO(4−3)/CO(3−2) across
the disk of each galaxy and find a median line ratio of R43= 0.54 0.15

0.16
-
+ for the sample. This is higher than literature

estimates of local star-forming galaxies and is consistent with multiple lines of evidence that indicate DYNAMO
galaxies, despite residing in the local universe, resemble main-sequence galaxies at z∼ 1–2. Comparing with
existing lower-resolution CO(1−0) observations, we find R41 and R31 values in the range ∼0.2–0.3 and ∼0.4–0.8,
respectively. We combine our kiloparsec-scale resolved line ratio measurements with Hubble Space Telescope
observations of Hα to investigate the relation to the star formation rate surface density and compare this relation to
expectations from models. We find increasing CO(4−3)/CO(3−2) with increasing star formation rate surface
density; however, models overpredict the line ratios across the range of star formation rate surface densities we
probe, in particular at the lower range. Finally, Stratospheric Observatory for Infrared Astronomy observations
with the High-resolution Airborne Wideband Camera Plus and Field-Imaging Far-Infrared Line Spectrometer
reveal low dust temperatures and no deficit of [CII] emission with respect to the total infrared luminosity.

Unified Astronomy Thesaurus concepts: Interstellar emissions (840); Extragalactic astronomy (506); Disk
galaxies (391)

Supporting material: figure set

1. Introduction

Molecular hydrogen gas (H2) is routinely mapped in high-
redshift (high-z) galaxies with instruments such as the Atacama
Large Millimeter/submillimeter Array (ALMA) and NOrthern
Extended Millimeter Array (NOEMA) through the use of high
rotational lines (high-J) of carbon monoxide (CO; see, e.g.,
Genzel et al. 2010; Tacconi et al. 2010; Decarli et al. 2014;
Walter et al. 2016; Freundlich et al. 2019). High-J lines of CO
can be used to address important topics such as the evolution of
molecular gas reservoirs in galaxies across cosmic time (see,
e.g., Walter et al. 2014; Decarli et al. 2016, 2019; Riechers
et al. 2019; Lenkić et al. 2020). Mapping H2through high-J
CO emission in high-z galaxies provides certain advantages
over CO(1−0), because these lines are bright and allow for
higher-resolution observations. However, the limited con-
straints of the CO excitation ladder, or the CO spectral line

energy distribution (SLED), render the conversion to the
ground state transition, CO(1−0), uncertain. The CO excitation
ladder contains information about the temperature and density
of the H2 material (see, e.g., Carilli & Walter 2013, for a
review), and understanding how those properties relate to local
star formation activity will improve our understanding of how
high-J CO lines map to CO(1−0) and H2 mass.
Several studies have characterized the CO excitation ladder

in various local galaxy populations. In the Milky Way galactic
center, observations from the Cosmic Background Explorer Far
Infrared Absolute Spectrophotometer, which constrain the CO
SLED from J= 1–0 to J= 8–7, show that the line ratios can be
modeled with an excitation temperature of 40 K and that the
CO SLED peaks at J= 3 (Fixsen et al. 1999). A recent
systematic study of CO(1−0) to CO(3−2) in nearby galaxies
finds that the Rayleigh–Jeans brightness temperature ratios are
generally higher in galaxy centers, decreasing with the radius
and star formation rate (SFR) surface density (Leroy et al.
2022).
Kamenetzky et al. (2016) studied CO emission up to

J= 13–12 in ultraluminous infrared galaxies (ULIRGS; see
also Greve et al. 2014), active galactic nuclei (AGN), and non-
ULIRGs to find that CO SLEDs peak at increasingly high J
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values with increasing far-infrared (FIR) luminosity, indicating
that higher kinetic temperatures or densities are required (see
also Figure 1 of Obreschkow et al. (2009), for how CO
excitation depends on the galaxy type and excitation temper-
ature). Observations of submillimeter galaxies (SMGs) show
that they also have CO SLEDs with an “excess” of CO
excitation with respect to the Milky Way; these generally rise
up to J= 5 and then turn over for higher rotational states
(Bothwell et al. 2013; Spilker et al. 2014). These high-
excitation CO SLEDs suggest that alternative heating sources
are required in these extreme galaxies such as mechanical
heating via shocks, turbulence, or cosmic rays.

Although several large studies probe the CO SLEDs of
extreme systems like SMGs and (Ultra) Luminous Infrared
Galaxies (U/LIRGs), the CO SLEDs of normal z∼ 1–2 star-
forming galaxies are not as well characterized. Valentino et al.
(2020) conducted a large survey of mid- and high-J CO lines
with ALMA in main-sequence galaxies at z∼ 1.1–1.7, and
found that they have higher excitation than the Milky Way but
are not quite as highly excited as ULIRGs, SMGs, or QSOs.
Daddi et al. (2015) found similar results in a sample of four
main-sequence near-IR-selected galaxies at z∼ 1.5, using
CO(2−1), CO(3−2), and CO(5−4) observations. Bolatto
et al. (2015) also presented the Rayleigh–Jeans brightness
temperature CO(3−2)/CO(1−0) line ratio of four main-
sequence galaxies observed with the Plateau de Bure
Interferometer (PdBI), and found a ratio of about unity
denoting high excitation. Finally, multiple case studies of the
CO ladder in specific galaxies exist (see, e.g., Barvainis et al.
1997; van der Werf et al. 2010; Kamenetzky et al. 2012;
Aravena et al. 2014; Dessauges-Zavadsky et al. 2017; Brisbin
et al. 2019; Sharon et al. 2019; Henríquez-Brocal et al. 2022;
Klitsch et al. 2022), and show that while general trends exist in
different galaxy populations, the CO ladder of every galaxy is
unique.

This indicates that it is necessary to understand how CO
emission and excitation vary within galaxies and how they
relate to other physical properties in order to correctly interpret
H2 masses derived from high-J transitions. This requires
resolved studies of CO line ratios; however, observational
limitations at high z make this challenging. To address this, we
present a sample of nine galaxies drawn from the DYnamics of
Newly Assembled Massive Objects (DYNAMO; Green et al.
2014) observed by ALMA in CO(3−2) and CO(4−3) on
∼1–2 kpc scales. DYNAMO galaxies are nearby (z∼ 0.1)
objects with high gas fractions, high star formation rates, and
widespread turbulence, consistent with known properties of
high-z main-sequence galaxies, and many are indeed found to
lie on the main sequence of star formation at z∼ 1–2 (Fisher
et al. 2019). Their resemblance to high-z systems and proximity
allows us to probe the CO excitation in gas-rich, turbulent
galaxies at scales that are not yet achievable at z∼ 2 in
unlensed systems. Furthermore, theories seek to explain CO
line ratios by their local radiation field properties (Lagos et al.
2012; Narayanan & Krumholz 2014; Popping et al. 2014;
Bournaud et al. 2015), and our ALMA observations allow us to
compare to model expectations.

This paper is structured as follows: Section 2 describes our
observations, data reduction, and methods; Sections 3 and 4
describe and discuss our results, and finally we conclude in
Section 5. Throughout this work, we assume a ΛCDM
cosmology with H0= 69.6 km s−1, Ωm= 0.286, and

ΩΛ= 0.714 (Bennett et al. 2014), and a Kroupa initial mass
function (IMF; Kroupa 2001).

2. Observations and Data Reduction

The DYNAMO sample of galaxies was first defined by
Green et al. (2014), who selected galaxies from the Max Planck
for Astrophysics and Johns Hopkins University Value Added
Catalog of the Sloan Digital Sky Survey DR4 (SDSS;
Adelman-McCarthy et al. 2006) based on their redshift and
Hα emission. The sample consists of 67 galaxies, half of which
have LHα> 1042 erg s−1 in the 3″ diameter SDSS fiber, lying in
two redshift windows centered at z∼ 0.075 and z∼ 0.13. Their
stellar masses range from 109 to 1011 Me and their SFRs from
∼0.1 to 100 Me yr−1, while their metallicities are similar to the
solar metallicity (Tremonti et al. 2004). Employing integral-
field spectroscopy of Hα, Green et al. (2014) derived
Hα rotation curves and found high ionized-gas
velocity dispersions with a mean of ∼50 km s−1, and gas
fractions as high as fgas∼ 0.8 ( fgas≡Mgas/(Mgas+M*);
M M Mgas HI H2= + ). Furthermore, they found that DYNAMO
galaxies are more “turbulent” than local disks, as parameterized
by their ratio of rotation velocity to velocity dispersion (V/σ).
These properties make DYNAMO galaxies promising candi-
dates for local analogues of high-redshift, star-forming
galaxies.
Here, we consider a subset of nine DYNAMO galaxies that

have robustly been identified as consistently more similar to
z∼ 1–2 star-forming systems: DYNAMO C13-1, C22-2, D13-
5, D15-3, G04-1, G08-5, G14-1, G20-2, and SDSS
J013527.10-103938.6 (hereafter SDSS 013527-1039). This
builds on a multiwavelength campaign to investigate the nature
of star formation at high redshift (Bassett et al. 2014; Fisher
et al. 2014; Obreschkow et al. 2015; Fisher et al. 2017a, 2017b;
Bassett et al. 2017; White et al. 2017; Girard et al. 2021;
Lenkić et al. 2021; Ambachew et al. 2022; White et al. 2022).
All galaxies in our sample are classified as rotating disks based
on their Hα kinematics. Galaxies C22-2, G04-1, G14-1, and
G20-2 are furthermore classified as “compact” rotating disks,
because their SDSS r-band exponential scale lengths are
smaller than 3 kpc. For these, poorer resolution results in less
reliable kinematic classifications (Green et al. 2014).
All galaxies in our sample have CO(1−0) observations from

either the PdBI or NOEMA, from which molecular gas
fractions ( *M M MH H2 2( )+ ) of fgas∼ 20%–30% and molecular
gas depletion times of tdep∼ 0.5 Gyr are inferred (Fisher et al.
2014; White et al. 2017; Fisher et al. 2019). These high-
molecular-gas fractions are consistent with those of z∼ 1–2
main-sequence star-forming galaxies (Daddi et al. 2010;
Tacconi et al. 2010, 2013; Genzel et al. 2015; Tacconi et al.
2020). Similarly, subsequent studies of the gas kinematics in
these galaxies consistently show that they do indeed have high
ionized-gas velocity dispersions (Bassett et al. 2014; Oliva-
Altamirano et al. 2018; Girard et al. 2021), similar to main-
sequence galaxies at z∼ 1–2 (Förster Schreiber et al. 2006;
Übler et al. 2019). In addition, Fisher et al. (2017b) and White
et al. (2017) both showed that these DYNAMO galaxies are
consistent with marginally stable disks (Toomre Q∼ 1).
DYNAMO galaxies also conform to established definitions of
clumpy galaxies (Fisher et al. 2017b) at high redshift (e.g.,
Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey; Guo et al. 2015). Finally, their clumps are arranged
within their host disks such that the redder clumps are
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preferentially more centrally located than the bluer ones
(Lenkić et al. 2021; White et al. 2022), which has also been
observed in z∼ 1–2 clumpy galaxies (Förster Schreiber et al.
2011; Soto et al. 2017; Guo et al. 2018).

2.1. ALMA CO Observations

We make use of the CO(3−2) and CO(4−3) observations of
nine DYNAMO galaxies with ALMA, associated with project
code 2017.1.00239.S (PI: D. B. Fisher). Observations were
taken in Band 7 (275−373 GHz) and Band 8 (385–500 GHz)
between 2018 June 1 and 2018 July 10. The spectral windows
were configured with bandwidths of 2.00 GHz and channel
widths of 15.625 MHz (128 channels). In addition, we also
make use of higher-resolution CO(3−2) ALMA observations
of three DYNAMO galaxies (G04-1, G08-5, and G14-1)
associated with project code 2019.1.00447.S (PI: R. Herrera-
Camus). These observations were taken in Band 7 between
2019 October 9 and 2019 October 10. The spectral windows
were configured with bandwidths of 1.875 GHz and channel
widths of 7.8125 MHz (240 channels). The data associated
with both projects were presented in Girard et al. (2021).

The visibilities were calibrated and flagged by the observatory
with the Common Astronomy Software Application (CASA;
McMullin et al. 2007) pipeline versions listed in the fifth column
of Table 1. After calibrating the visibilities, we imaged each
observation using tclean in CASA version 6.1.0.188 with the
parameters deconvolver=‘‘hogbom,’’ weighting=‘‘-
briggs,’’ robust=0.5, usemask=‘‘auto-multi-
thresh,’’ and restfreq set to the redshifted frequency of

the observed CO line. We cleaned the data until the residuals were
consistent with the rms noise levels that are listed in the fourth
column of Table 1. To derive these thresholds, we consider data
cubes with just a shallow clean, mask the emission (see below),
and calculate the standard deviation of the masked cubes, i.e.,
nonline channels. These values are listed in column four of
Table 1, and we reclean the data cubes to that rms level. For
visualization purposes and ease of comparison to the Hαmaps, we
convolve the final cubes to a circular beam, listed in the second
(angular size) and third (physical size) columns of Table 1, with
the CASA imsmooth function. At the redshifts of DYNAMO
galaxies in our sample, the beam sizes correspond to physical
scales of ∼1–2 kpc. Finally, we export all data cubes with the
spectral axis in units of velocity, in the local standard of rest frame,
adopting the radio convention. We present channel maps of
CO(3−2) for DYNAMO G04-1 in Figure 1 to show an example
of the final data, with the circularized beam shown at the bottom
left corner of each panel. The complete figure set (14 images) is
available in the online journal.
We produce moment-zero maps (integrated intensity) by first

masking each cleaned data cube along both the spatial and
spectral axes. To produce our masks, we first smooth each
cleaned data cube to twice the circularized beam FWHM. We
then compute the rms of the data cube and mask all pixels that
are below 3× the cube rms. For the remaining pixels, we
compute the integrated intensity over the channels that are not
masked out. We do this for both the CO(3−2) and CO(4−3)
observations. Figure 2 presents these moment-zero maps in the
two rightmost panels.
Finally, for the goal of calculating CO(4−3)/CO(3−2)

line ratios, we match the pixel scale and resolution of all 2017
CO(4−3) observations to the pixel scale and resolution of the
2017 CO(3−2) observations, where data for both transitions are
available. Similarly, we match the pixel scale and resolution of the
2019 CO(3−2) observations, where available, to the 2017 CO(4
−3) observations. We match the pixel scales using the CASA
function imregrid, while to match the resolution, we use the
CASA imsmooth tool to convolve the higher-resolution data
with a Gaussian kernel to produce the lower-resolution Gaussian
beam. We note that these transformations are done on the cleaned
data cubes with the original, noncircular beams, to ensure we are
not introducing errors or artifacts in the data. Finally, we apply the
masking of the CO(3−2) observations to the CO(4−3) to produce
matching integrated intensity maps. This ensures that the
intensities we derive for both lines are integrated over the same
velocity ranges and regions.

2.2. HST Hα Observations

In addition to the ALMA observations of CO, we make use
of Hubble Space Telescope (HST) observations of Hα (PID
12977; P.I.: I. Damjanov) as a tracer of the star formation rate
(leftmost panel of Figure 2). Observations were taken with the
Wide Field Camera on the Advanced Camera for Surveys
(WFC/ACS) using the FR716N and FR728N narrowband
filters and were processed with the standard HST pipeline.
Continuum observations with the FR647M filter were also
taken and used to create continuum-subtracted Hα maps (for
details, see Section 3.2 of Fisher et al. (2017a)). The final Hα
maps have a pixel scale of ∼0 05 and a resolution
corresponding to physical scales of ∼50–200 pc (Fisher et al.
2017a).

Table 1
CO Data Cube Parameters

CO Trans. Beam FWHM rms Noise CASA Cal.
(arcsec) (kpc) (mK)

DYNAMO C13-1
3 − 2 1.07 1.60 11.5 v5.1.1-5

DYNAMO C22-2
3 − 2 1.07 1.46 16.0 v5.1.1-5
4 − 3 0.81 1.11 12.5 v5.1.1-5

DYNAMO D13-5
3 − 2 1.10 1.58 8.2 v5.1.1-5
4 − 3 0.79 1.14 12.1 v5.1.1-5

DYNAMO D15-3
4 − 3 0.96 1.24 10.8 v5.1.1-5

DYNAMO G04-1
3 − 2 0.42 0.98 29.1 v5.6.1-8
4 − 3 0.84 1.96 21.5 v5.1.1-5

DYNAMO G08-5
3 − 2 0.40 0.95 32.4 v5.6.1-8

DYNAMO G14-1 3 − 2 0.43 1.02 3.3 v5.6.1-8
4 − 3 0.85 2.01 6.3 v5.1.1-5

DYNAMO G20-2
3 − 2 1.23 3.08 3.7 v5.1.1-5
4 − 3 0.86 2.15 4.8 v5.1.1-5

SDSS 013527-1039
3 − 2 1.23 2.81 5.2 v5.1.1-5
4 − 3 0.86 1.97 4.5 v5.1.1-5
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Our ability to make resolved measurements in these DYNAMO
galaxies is limited by the resolution of the ALMA data; therefore, we
match the pixel scale and resolution of the Hα observations to that of
the CO(3−2), where available, and CO(4−3) otherwise. To achieve
this, we convolve each Hα observation with a two-dimensional
Gaussian function whose FWHM is equal to the circularized beam
of the corresponding ALMA observation. Then, we reproject and
regrid the Hα observations to match the WCS information and pixel
scale of the CO observations using the PYTHON ASTROPY package
reproject,10 noting that the reproject functions assume that
input images have surface brightness units.

2.3. SOFIA FIFI-LS and HAWC+ Observations

Finally, we make use of observations from the Stratospheric
Observatory for Infrared Astronomy (SOFIA) of DYNAMO
galaxies taken by the Field-Imaging Far-Infrared Line Spectro-
meter (FIFI-LS; Colditz et al. 2018; Fischer et al. 2018) and
High-resolution Airborne Wideband Camera Plus (HAWC+;
Harper et al. 2018) instruments (PLAN ID 08_0238 and
09_158; P.I.: L. Lenkić) as part of Cycles 8 and 9. The FIFI-LS
is an integral-field spectrometer with two channels observing
simultaneously from 50 to 125 μm (blue channel) and
105−200 μm (red channel). The FIFI-LS observations targeted
the [CII] 158 μm fine-structure emission line in the red channel
and the [OIII] 88 μm fine-structure line (or [OI] at 63 μm

Figure 1. Channel maps of CO(3−2) in brightness units of Jy beam−1 for the galaxy DYNAMO G04-1. Each panel is centered at 04h12m19 713, −05d54m48 62, and
is 10 8 × 10 8 in size. The velocity range is −172–96 km s−1 in steps of ∼8 km s−1, as indicated at the top right corners. The circularized beam is shown in white at
the bottom left corner of each panel. The complete figure set (14 images) is available in the online journal.

(The complete figure set (14 images) is available.)

10 https://reproject.readthedocs.io/en/stable/index.html
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Figure 2. Summary of data sets analyzed in this work for each galaxy in our sample, as indicated at the top right corners of the leftmost panels: HST Hα (left),
CO(3−2) integrated intensity (middle), CO(4−3) integrated intensity (right; both in units of K km s−1). We show all images using an arcsinh stretch. The ALMA CO
beam sizes are at the bottom left corners of the middle and rightmost panels, while 1 kpc scale bars are shown at the top right corners of the rightmost panels. Empty
panels indicate that data are absent for the given galaxy.
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depending on atmospheric transmission) in the blue channel for
six galaxies (DYNAMO B08-3, D10-4, D14-1, D15-3, F08-2,
F09-1, and F12-4) at 15 6 resolution. These data cover a 1× 1
arcmin2 field of view (FOV) in the red channel and a 30× 30
arcsec2 FOV in the blue channel. FIFI-LS observations were
taken on six nights in 2021 April in the nod-match-chop
mode, and were reduced using the FIFI-LS pipeline11 (Vacca
et al. 2020). The data reduction steps include ramp fitting
and flagging bad pixels, subtracting the chops, wavelength,
and spatial calibration, flat-field correction, atmospheric

transmission correction using the ATRAN models (Lord 1992),
flux calibration, and finally resampling to a regular grid to
produce the final data cubes. The observations resulted in [CII]
detections for all galaxies in the sample, and an [OIII] detection
in DYNAMO F08-2 (see Figure 8 in Appendix A).
The HAWC+ instrument is an FIR camera and imaging

polarimeter with a wavelength coverage of 50−240 μm. The
HAWC+ observations targeted four galaxies (DYNAMO D14-
1, D15-3, F08-2, and F12-4) in bands C, D, and E. These data
provide measurements of the 89, 155, and 216 μm fluxes at a
resolution of 7 8, 14″, and 19″, respectively. Observations
were taken on three nights in 2021 May and one night in 2021

Figure 2. (Continued.)

11 FIFI-LS Redux User’s Manual
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November in the on-the-fly mapping mode with a Lissajous
scan pattern, and were reduced using the HAWC+ pipeline.12

The observations resulted in detections for all galaxies in the
sample (see Figure 9 in Appendix A).

The typical sizes of galaxies in this sample are ∼4″, and our
sources are thus point sources for both the FIFI-LS and HAWC
+ observations. Appendix A presents the HAWC+ observa-
tions in Figure 9 and the FIFI-LS integrated intensity maps in
Figure 8. While DYNAMO D13-5 is the only galaxy that
overlaps with our ALMA sample, we make use of all SOFIA
observations described here to measure the spectral energy
distributions (SEDs) of DYNAMO galaxies, and place the
measured dust temperatures within the global context of the
line ratio measurements we will present. We also make use of
these observations to measure the [CII] luminosity and measure
the [CII]-to-total far-infrared luminosity ratios.

2.4. Resolved Measurements

This work aims to investigate the CO(4−3)/CO(3−2)
properties of DYNAMO galaxies resolved on a 1–2 kpc scale,
and to relate this line ratio to the star formation rate surface
density (ΣSFR) on the same scale. Thus, we describe here our
method for extracting these measurements from the data. For
each of our resolution and WCS matched ALMA and HST data
sets (excluding SOFIA observations because they are unre-
solved), we define two sets of “grids” of circular, beam-sized
apertures: one that is centered on the galaxy, and a second that
is offset from the center by 0.5× the beam FWHM in both the
x and y directions. This is to ensure that we cover the gaps of
the first grid and results in measurements that are not entirely
independent. Within each aperture, we measure the median
brightness temperatures of both the CO(3−2) and CO(4−3)
lines from the integrated intensity maps and take their ratio.

We measure the SFR surface density from our CO-matched
Hα observations. We perform aperture photometry within each
ALMA beam-sized aperture in our two grids, described above,
to obtain the Hα flux (in electrons per second). We convert
these fluxes to units of erg s−1 cm−2 Å−1, apply a correction for
extinction by relating AV to AHα assuming the Cardelli et al.
(1989) extinction law and the AV measurements from Lenkić
et al. (2021). Bassett et al. (2017) used Paα observations from
the OH-Suppressing Infrared Integral-field Spectrograph
instrument at Keck to make resolved extinction measurements
in four DYNAMO galaxies. Their results show up to a
magnitude difference in AHα; however, strong variation in the
adaptive optics point-spread function introduces significant
systematic uncertainties in measuring the Paα flux. Further-
more, Bassett et al. (2017) also found that the average AHα in
clump and nonclump regions are, within the uncertainties,
consistent with one another (see their Table 3). This is
consistent with the results of Lenkić et al. (2021), who found
that within a given DYNAMO galaxy, the extinction-sensitive
color they measure shows little variation between clumps, and
the clump colors are consistent with their host disks (see their
Figures 5 and 8). For these reasons, we choose to adopt a single
AV value for each galaxy. Finally, we calculate Hα luminosities
and convert them to SFRs using the Hao et al. (2011)
calibration for a Kroupa IMF, constant star formation history,

and age of 100Myr (see their Table 2):

M LSFR yr 5.53 10 erg s . 11 42
H

1[ ] [ ] ( )= ´ ´ a
- - -



3. Results

3.1. CO(4−3)/CO(3−2) Line Ratios

In Section 2.1, we describe our process for matching our
CO(4−3) and CO(3−2) observations and deriving integrated
intensity maps. We adopt brightness temperature units, thus our
integrated intensity maps have units of K km s−1. To visually
determine how this line ratio varies across each galaxy disk, if
at all, we simply divide our CO(4−3) integrated intensity map
by that of the CO(3−2). This is what we present in Figure 3,
where the color scale indicates the ratio variations across each
galaxy disk for which both line transitions were observed, and
where the line ratio has S/N� 3, and the black contours
correspond to Hα emission in the pixel scale and resolution-
matched HST observations. The contours span 1–10σ in
increments of 1σ, where we take σ to correspond to the rms of
each HST observation calculated in galaxy emission-free
regions. We note that there are no HST Hα observations for
DYNAMO C22-2 and SDSS 013527-1039. We derive
uncertainties for the integrated intensity maps (σJ → J−1) by
summing in quadrature the rms of every channel over which we
integrate, excluding line emission from the rms calculation, and
multiplying by the channel width:

v rms , 2J J
i

N

i1
2( ) ( )ås = D -

where Δv is the channel width, rmsi is the rms of the ith

channel, and N is the number of channels over which the
emission is integrated. To obtain the final uncertainty on the
line ratio per pixel, we propagate the integrated intensity
uncertainties by taking:

CO 4 3

CO 3 2 CO 4 3 CO 3 2
, 3lr

43
2

32
2

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )
( ) ( ) ( )

( )s
s s

=
-
- -

+
-

which results in line ratio uncertainty maps.
From Figure 3, we see that the line ratio for galaxies in our

sample vary mildly across the disks, with typical values
ranging from R43∼ 0.4–0.7. However, galaxy DYNAMO G14-
1 shows a strong gradient in the line ratio, with values
approaching unity. The Hα image of G14-1 in Figure 2 shows
two bright clumps with a fainter “stream” connecting the two.
The Hα contours we overplot in Figure 3 show that these two
bright features with the connecting filament coincide with the
elevated line ratio values and the strong gradient. This may be
indicative of an interaction taking place; however, the Hα
kinematics of G14-1 show a rotating disk and no complex
kinematics (Green et al. 2014). Overall, the line ratio maps we
show in Figure 3 suggest a potential central enhancement in
R43. Such a central enhancement has been observed in the Milky
Way and other nearby star-forming galaxies for CO(2−1)/
CO(1−0) (see, e.g., Sakamoto et al. 1997; Sawada et al. 2001;
Leroy et al. 2009, 2013; den Brok et al. 2021). To verify this, we
separate pixels that are located within the central kiloparsec of
each galaxy from pixels that lie outside this region, and compare
the median line ratios. Indeed, we find enhanced CO(4−3)/
CO(3−2) values in the central kiloparsec of all galaxies in
Figure 3, except for G04-1 and G14-1, on the order of ∼10%12 HAWC+ DRP User’s Manual
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(see Table 2). Finally, Figure 3 shows in particular for galaxy
G04-1, variations in R43 between the spiral arm and interarm
region, a trend also observed for CO(2−1)/CO(1−0) in M51
(Koda et al. 2012).

Next, we perform ∼1–2 kpc sized sightline measurements of
the line ratio across the disk of each galaxy, as described in
Section 2.4. To characterize the typical line ratio we measure
across the sample and the magnitude of the spread. To this end,
we construct a global probability density function (PDF) by
modeling each beam-averaged line ratio measurement with a
kernel density estimate (KDE). We construct the individual
KDEs by modeling each beam-averaged line ratio measure-
ment as a one-dimensional Gaussian with a centroid corresp-
onding to the measured line ratio and with width equal to the
line ratio uncertainty. The area of each Gaussian is normalized
to unity; then we sum all Gaussians to produce a final global
PDF (see for example Section 4 and Figure 5 of Levy et al.
(2018)). This is what we show in Figure 4. From this, we find
that the median line ratio and 68% confidence interval for
DYNAMO galaxies are: R43= 0.54 0.15

0.16
-
+ . These values are

taken at the 15.9, 50, and 84.1 percentiles of the cumulative
distribution function of the PDF.

For comparison, we compile estimates of the CO(4−3) to
CO(3−2) line ratio from the literature and include these in
Figure 4. We describe our derivation of all line ratios compiled
from the literature in Appendix B, and we summarize them
along with the median line ratios we measure for each
DYNAMO galaxy individually, and the median line ratio for
the entire DYNAMO sample studied here in Table 2.

This comparison reveals that the CO(4−3)/CO(3−2) line
ratio of non-ULIRGs from Kamenetzky et al. (2016; local

galaxies with LFIR� 6× 1010 Le) is much lower and incom-
patible with what we find in our DYNAMO sample. In
contrast, the U/LIRG line ratio estimate from Kamenetzky
et al. (2016) for LFIR= 1011 Le is in much better agreement
with what we find across the DYNAMO sample. Likewise, the
CO(4−3)/CO(3−2) line ratios measured in main-sequence
galaxies at z∼ 1–2 (Daddi et al. 2015; Boogaard et al. 2020;
Henríquez-Brocal et al. 2022) are, within the uncertainties,
consistent with DYNAMO. In particular, the eight star-forming
galaxies at z= 1.0–1.6 from the ALMA Spectroscopic Survey
(ASPECS; Boogaard et al. 2020), are an especially good match
to the R43 we measure across our sample. DYNAMO galaxies
lie on the star formation main sequence at z∼ 2 (Fisher et al.
2019) and have gas fractions and velocity dispersions that are
more similar to main-sequence galaxies of that epoch than local
ones. Therefore, this result is consistent with lines of evidence
that indicate DYNAMO galaxies are local analogues of high-z
main-sequence systems. ULIRG samples (Rosenberg et al.
2015) have much larger line ratios than we observe in
DYNAMO, and this too is consistent with previous observa-
tions. Using Herschel Photodetector Array Camera and
Spectrometer (PACS) and Spectral and Photometric Imaging
Receiver (SPIRE) observations of five DYNAMO galaxies,
White et al. (2017) found that, despite their large FIR
luminosities, LFIR> 1011 Le, these galaxies have much lower
dust temperatures (∼30 K) than ULIRGs. Therefore, unlike
ULIRGs, the star formation in DYNAMO galaxies is more
distributed throughout the disks; thus, colder dust temperatures
would be expected and likewise lower CO(4−3)/CO(3−2) line
ratios.

Figure 3. CO(4−3)/CO(3−2) line ratios (in brightness temperature units) measured from the pixel scale and resolution-matched integrated intensity maps, integrated
over the same velocity ranges. These maps show CO(4−3)/CO(3−2) only in regions where the line ratio has S/N �3. The black contours correspond to Hα emission,
where available, ranging from 1 to 10σ in increments of 1σ. The galaxy name is indicated at the top left corner of each panel, the median line ratios and their
associated uncertainties are at the top right corners, and the black hatched circles at the bottom left corners indicate the circularized beam sizes. Finally, we show a
1 kpc scale bar at the bottom right corners. We see that galaxies generally have mildly varying line ratios within the regions where the uncertainties do not dominate,
and that they lie typically around 0.4–0.7, with the exception of DYNAMO G14-1, which has a stronger varying line ratio.
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3.2. Relating High-J CO to CO(1−0)

We make use of existing CO(1−0) measurements from the
PdBI and NOEMA (angular resolution ∼5″–10″; Fisher et al.
2014; White et al. 2017; Fisher et al. 2019) to derive the
CO(4−3)/CO(1−0) and CO(3−2)/CO(1−0) line ratios across
our sample. We measure the total CO(4−3) and CO(3−2)
fluxes by summing all pixels with S/N �3 in our integrated
intensity moment maps and then scaling by the number of
pixels per beam. We then convert the total fluxes to
luminosities (L ;¢ K km s−1 pc2) using Equation (3) in Solomon
et al. (1997). We present these results in Table 3.

We find line ratio values across our sample that range from
R31∼ 0.4–0.8, with a mean (median) R31= 0.56 (0.55) and
R41∼ 0.2–0.4, with a mean (median) R41= 0.27 (0.28). Our
R31 result is consistent with multiple studies of CO excitation in
z∼ 1–3 star-forming galaxies: Daddi et al. (2015) found that
the brightness temperature line ratio of CO(3−2) to CO(1−0)
ranges from R31∼ 0.4–0.6, with an average R31= 0.42± 0.07,
for their three star-forming BzK z∼ 1.5 galaxies; Dessauges-
Zavadsky et al. (2015) found R31= 0.57± 0.15 for five lensed
star-forming galaxies (SFR < 40 Me yr−1) at z∼ 1.5 galaxies;
Riechers et al. (2020) found R31= 0.84± 0.26 for six galaxies
at z∼ 2–3; Birkin et al. (2021) found R31= 0.63± 0.12 for a
large sample of SMGs at z∼ 1.2–4.8; and Harrington et al.
(2021) found R31= 0.69± 0.12 for 24 dusty star-forming
galaxies at 1< z< 3. However, we note that Bolatto et al.
(2015) found R31∼ 1 for two main-sequence galaxies at
z∼ 2; however, one of the two galaxies is classified as an

AGN, and the other may host a weak AGN. In contrast, Leroy
et al. (2022) analyzed the global R31 for nearby normal
star-forming galaxies and find a mean (median) of
R31= 0.30 (0.29), which are lower and inconsistent with the
DYNAMO results, but similar to the Milky Way (Fixsen et al.
1999). We illustrate this comparison in Figure 5 where we plot
the brightness temperature ratios of DYNAMO galaxies as a
function of the upper-J number, along with the ratios of z∼ 1–2
star-forming galaxies (Daddi et al. 2015; Boogaard et al. 2020),
nearby star-forming galaxies (Leroy et al. 2022), and the Milky
Way inner disk (Fixsen et al. 1999). We can see that the ratios
of nearby galaxies and the Milky Way are incompatible with
those of DYNAMO. The CO SLED of the ASPECS galaxies
and two of the three BzK galaxies are in agreement with
DYNAMO, while the third galaxy (referred to as BzK-16000 in
Daddi et al. 2015) shows overall lower line ratios. Interestingly,
Daddi et al. (2015) describe this galaxy as the most evolved in
their sample, with no massive clumps.

3.3. DYNAMO SEDs and [CII] Emission

We extract background-subtracted 89, 155, and 216 μm
fluxes for four DYNAMO galaxies, including D15-3, which
overlaps with our ALMA sample, from our HAWC+ SOFIA

Table 2
CO(4−3)/CO(3−2) Line Brightness Temperature Ratios Compiled from the

Literature Compared to DYNAMO

Object(s) Line Ratio Reference

C22-2 0.62 ± 0.13 This work
C22-2 (�1 kpc) 0.60 ± 0.10 This work
C22-2 (>1 kpc) 0.52 ± 0.08 This work
D13-5 0.57 ± 0.08 This work
D13-5 (�1 kpc) 0.60 ± 0.08 This work
D13-5 (>1 kpc) 0.56 ± 0.09 This work
G04-1 0.50 ± 0.08 This work
G04-1 (�1 kpc) 0.48 ± 0.20 This work
G04-1 (.1 kpc) 0.52 ± 0.16 This work
G14-1 0.71 ± 0.11 This work
G14-1 (�1 kpc) 0.70 ± 0.13 This work
G14-1 (>1 kpc) 0.71 ± 0.16 This work
G20-2 0.61 ± 0.07 This work
G20-2 (�1 kpc) 0.62 ± 0.10 This work
G20-2 (>1 kpc) 0.57 ± 0.10 This work
SDSS J013527.10-103938.6 0.44 ± 0.05 This work
SDSS J013527.10-103938.6 (�1 kpc) 0.46 ± 0.06 This work
SDSS J013527.10-103938.6 (>1 kpc) 0.42 ± 0.06 This work
DYNAMO all 0.54 0.15

0.16
-
+ This work

z = 1.5 MS Galaxies 0.74 ± 0.26 D15
ASPECS z = 1.0–1.6 SFGs 0.52 ± 0.16 B20
G1700-MD94 one component 0.92 ± 0.18 HB22
G1700-MD94 two component 0.77 ± 0.15 HB22
non-U/LIRGs (LFIR = 1010Le) 0.25 ± 0.05 K16
LIRGs (LFIR = 1011Le) 0.51 ± 0.10 K16
LIRGs 1.23 ± 0.38 P12
ULIRGs low CO excitation 1.08 R15
ULIRGs mid CO excitation 0.70 R15
ULIRGs high CO excitation 1.02 R15

Figure 4. Global PDF for the resolved CO(4−3)/CO(3−2) line ratio
measurements. We construct the PDF by modeling each line-of-sight R43

measurement (where S/N � 3) as a Gaussian whose width is the line ratio
uncertainty. We show these individual Gaussians as light gray lines (not to
scale); summing them and normalizing the area of the resulting Gaussian to
unity results in the solid black line shown here. From the cumulative
distribution function, we infer a median line ratio of R43 = 0.54. For
comparison, we include estimates from the literature: R43 = 0.74 ± 0.26 for
three z ∼ 1.5 main-sequence star-forming galaxies (black circle; Daddi
et al. 2015), R43 = 0.52 ± 0.16 in eight star-forming galaxies at z = 1.0–1.6
(black square; Boogaard et al. 2020), R43 = 0.25 ± 0.05, 0.51 ± 0.10 for non-
U/LIRGs with LFIR = 1010 Le and U/LIRGs with LFIR = 1011 Le, respec-
tively (black stars; Kamenetzky et al. 2016), R43 = 0.70, 1.02 for mid- and
high-excitation ULIRGs, respectively (black diamonds; Rosenberg et al. 2015),
and R43 = 0.96 ± 0.12 for LIRGs (black pentagon; Papadopoulos et al. 2012).
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observations using the PHOTUTILS software (Bradley et al. 2021).
We define the flux extraction apertures to correspond to the
FWHM beam size of each corresponding HAWC+ band, while
we define the background annuli to have an inner radius equal to
5× beam FWHM and an outer radius of 7× beam FWHM (see
Figure 9 in Appendix A). We record these flux measurements in
Table 4. To fit the SED, we combine the HAWC+ fluxes with
Wide-field Infrared Survey Explorer (WISE) measurements at
22μm (which is not contaminated by line emission and traces the
warm dust continuum; Cluver et al. 2017), and use the modified
blackbody (MBB) SED fitting tool MBB_EMCEE,13 described in
Riechers et al. (2013) and Dowell et al. (2014). The MBB is

joined to a power law of the form να at short wavelengths.
MBB_EMCEE fits the dust temperature, Td, the extinction curve
power-law slope, β, the power-law slope of the blue side, α, the
wavelength where the optical depth reaches one, λ0, and the
normalization. We impose a prior on β to constrain it between
1.5 and 2, and leave all other parameters unconstrained. We
record the resulting fit parameters and total infrared luminosity
(TIR; 8–1000 μm) in Table 4.
We present the resulting SEDs in the left panel of Figure 6,

where the filled colored data points represent fluxes from the
HAWC+ (three longest wavelength data points), open colored
data points represent WISE bands (shortest wavelength point)
for each of the four galaxies, and the matching colored line
represents the SED fit for that galaxy. The dust temperatures
derived from these SEDs are shown in the upper left corner.
For DYNAMO D14-1 and D15-3, the resulting dust tempera-
tures are Td= 25.94 4.88

5.10
-
+ K and Td= 29.56 2.89

3.06
-
+ K, respec-

tively, consistent with the dust temperature measurements of
Td= 28.09± 0.86 K and Td= 25.64± 0.52 K from SED
fitting of Herschel PACS and SPIRE observations by White
et al. (2017).
The SEDs provide us with estimates of the TIR for four out

of the seven galaxies in the SOFIA sample. We combine these
measurements with the SOFIA FIFI-LS observations to explore
the “[CII] deficit”: the observed decreasing fraction of [CII]
emission with respect to the TIR in increasingly more infrared
luminous objects (see, e.g., Malhotra et al. 2001; Brauher et al.
2008; Smith et al. 2017; Herrera-Camus et al. 2018a). For the
remaining four galaxies in the SOFIA sample where no HAWC
+ observations are available, we instead use the SFRs reported
in Green et al. (2014) to estimate the TIR and the calibration in
Equation (3) of Cluver et al. (2017):

M LSFR yr 2.8 10 erg s , 41 44
TIR

1[ ] [ ] ( )= ´- - -


which is derived from STARBURST99 for solar metallicity,
continuous star formation over 100Myr, and a Kroupa IMF,
and assumes that the ultraviolet (UV) component of stellar
emission is completely absorbed and reradiated in the infrared
(see also Calzetti 2013).
To determine the [CII] luminosities, we produce integrated

intensity maps from the FIFI-LS observations (see Figure 8 in
Appendix A) and take the peak value within a beam located at
the position of each galaxy. In the right panel of Figure 6, we
present the [CII]/TIR as a function of the TIR measured in this
sample of DYNAMO galaxies. The magenta squares represent
galaxies for which SEDs were used to derive the TIR, while the
teal diamonds represent the galaxies for which the SFRs were

Table 3
Galaxy Integrated CO(3−2)/CO(1−0) and CO(4−3)/CO(1−0) Line Ratios and Model Predictions

Galaxy L CO 1 0( )¢ - L CO 3 2( )¢ - L CO 4 3( )¢ - R31 R41 R31 R41

(109 K km s−1 pc2) Observed Predicted

C13-1 1.91 ± 0.05 0.47 ± 0.05 L 0.40 ± 0.05 L L L
C22-2 0.66 ± 0.05 0.47 ± 0.04 0.23 ± 0.02 0.71 ± 0.08 0.35 ± 0.04 L L
D13-5 2.69 ± 0.08 1.48 ± 0.03 0.87 ± 0.03 0.55 ± 0.02 0.32 ± 0.01 0.63 0.39
D15-3 3.02 ± 0.06 L 0.49 ± 0.02 L 0.16 ± 0.01 0.57 0.32
G04-1 5.41 ± 0.39 2.90 ± 0.10 1.54 ± 0.08 0.54 ± 0.04 0.28 ± 0.02 0.56 0.31
G08-5 2.29 ± 0.26 1.83 ± 0.08 L 0.80 ± 0.10 L 0.57 0.32
G14-1 1.59 ± 0.19 0.77 ± 0.08 0.427 ± 0.001 0.48 ± 0.08 0.27 ± 0.03 0.56 0.31
G20-2 1.68 ± 0.19 0.97 ± 0.03 0.56 ± 0.03 0.58 ± 0.07 0.33 ± 0.04 0.61 0.36
SDSS 013527-1039 3.45 ± 0.16 1.48 ± 0.05 0.65 ± 0.02 0.43 ± 0.02 0.19 ± 0.01 L L

Figure 5. CO ladders normalized to CO(1−0) in integrated brightness
temperature units, for DYNAMO galaxies (red small diamond), z ∼ 1–2 main-
sequence BzK galaxies (black circles; Daddi et al. 2015), z = 1.0–1.6 star-
forming galaxies from ASPECS (black squares Boogaard et al. 2020) nearby
star-forming galaxies (blue pentagons; Leroy et al. 2022), and the Milky Way
inner disk (blue large diamonds; Fixsen et al. 1999). DYNAMO line ratios are
consistent with z ∼ 1–2 star-forming galaxies, while the nearby star-forming
galaxies and the Milky Way show an overall lower CO excitation. One galaxy
from the sample of Daddi et al. (2015; BzK-16000) is more consistent with
nearby galaxies and the Milky Way than with DYNAMO. BzK-16000 is more
evolved and has no massive clumps.

13 https://github.com/aconley/mbb_emcee
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used instead. In both cases, we show error bars where the errors
on the [CII] and TIR luminosities have been propagated into the
ratio. The two approaches to estimating the TIR luminosities
yield consistent results. To illustrate this, we join with black
dashed lines the data points for which we have SEDs and SFRs.
When we compare DYNAMO to existing measurements in
different types of galaxies (Herrera-Camus et al. 2018a), we
find that DYNAMO galaxies do not exhibit a [CII] deficit.
Herrera-Camus et al. (2018a) showed that at a fixed IR
luminosity, the [CII]/FIR ratio decreases as galaxies become
more compact, and Lutz et al. (2016) showed that the line-to-
FIR ratios form a much tighter relation with the FIR surface
brightness than with luminosity. To investigate this, Herrera-
Camus et al. (2018b) constructed two toy models with the PDR
toolbox (Kaufman et al. 2006): one where OB stars are closely
associated with molecular gas clouds, and another where OB
stars and clouds are randomly distributed. They found that as
galaxies become more compact, a combination of effects give
rise to the [CII] deficit. These include a reduction in the
photoelectric heating efficiency, an increase in the ionization
parameter, and as the interstellar radiation field increases, the
[CII] line saturates and becomes nearly independent of the far-
UV flux. Although DYNAMO galaxies generally lie above the
star-forming main sequence at z∼ 0.1, their star formation is
distributed throughout their disks within numerous star-
forming clumps, rather than being confined to a compact
region. Their low dust temperatures and lack of a [CII] deficit
are consistent with this morphology.

4. Discussion

The ∼1–2 kpc scale ALMA observations allow us to
investigate how the line ratios we measure are affected by the
surface density of star formation. We expect that the CO(4−3)
transition will be more highly excited in regions of higher
ΣSFR, because these regions will have larger UV radiation
fields and thus warmer dust temperatures (Narayanan &
Krumholz 2014). To test this, we compare our resolved line
ratio measurements to the ΣSFR measurements we take in the
same beam-sized apertures. Figure 7 shows the CO(4−3)/CO
(3−2) line ratio as a function of ΣSFR for four galaxies for
which all necessary observations are available, as indicated by
the legend. For each galaxy, we plot the set of resolved beam-
sized measurements as previously described. Though the line
ratio uncertainties are large, there is a moderate positive
correlation between the line ratios and ΣSFR measurements,
indicating that, in this sample of DYNAMO galaxies, higher
ΣSFR regions are indeed correlated with higher line ratios. We
perform a Spearman rank-order correlation and find a
coefficient of ρ= 0.6. The correlation between resolved

measurements within a single galaxy is stronger for DYNAMO
D13-5 and G20-2 (ρ= 0.8, 0.7, respectively), and weakest for
DYNAMO G04-1 (ρ= 0.4), while for G14-1 it is ρ= 0.6. In
addition, we perform a linear fit to our observed line
ratio−ΣSFR relation using scipy.curve_fit, which per-
forms a nonlinear least squares analysis with errors on the
y data as a parameter, and show the results with the black solid
line. The black dashed line corresponds to the parameterization
of CO line emission intensity as a function of ΣSFR, derived by
Narayanan & Krumholz (2014; their Equation (19)):

I

I
A Clog , 5

ij B

1 0
10 SFR[ ( ) ] ( )c= ´ S - +

-

where Iij is the intensity of the CO(i− j) transition, A, B, and C
are fit parameters, and χ=−1.85 (an offset introduced to
produce only real values of Iij/I1−0). Narayanan & Krumholz
(2014) calculated the CO SLED of high-z star-forming galaxies
from CO intensities that are modeled at ∼70 pc resolution. For
real observations with coarser beams, such as in our case, the
resolved line ratio−ΣSFR parameterization is not an appropriate
comparison. Therefore, Narayanan & Krumholz (2014)
determined the luminosity-weighted emitting area for each
CO transition and scaled the resolved line intensities; then they
refitted the line ratio−ΣSFR relation. Because our observations
probe ∼1–2 kpc scales, this is primarily what we compare to
here. However, we show comparisons to the resolved
parameterization for completeness We adopt values for A, B,
and C for unresolved observations from their Table 3 for
CO(3−2) and CO(4−3), and substitute in our measured values
of ΣSFR. Finally, we take the ratio of the two equations and
divide by J J 4 3u l

2 2 2 2= to convert from Jy to K and produce
the dashed black line in Figure 7. We repeat the same
procedure for the resolved galaxy observations parameteriza-
tion from their Table 2 and plot this as the black dashed–dotted
line in Figure 7.
Overall, both model parameterizations underpredict the

steepness of the CO(4−3)/CO(3−2)−ΣSFR relation that our
observations suggest, and overpredict the line ratio across the
entire range of ΣSFR values that our observations probe.
Similarly, Boogaard et al. (2020) found that the unresolved
models also overpredict their CO(4−3)/CO(2−1) measure-
ments (see their Figure 13), while providing a better match to
their CO(5−4)/CO(2−1) values. Sharon et al. (2019), who
presented ∼2 kpc resolution CO(1−0) and CO(3−2) observa-
tions of a lensed galaxy at z= 2.26, also found that the
Narayanan & Krumholz (2014) models do not reproduce their
observations; however, they do not attribute much meaning to

Table 4
SOFIA [C II] and IR Measurements

Galaxy 22.2 μm 89 μm 155 μm 216 μm Td TIR log10 L[Cii]
(mJy) (mJy) (mJy) (mJy) (K) (1010 Le) (erg s−1)

B08-3 L L L L L L 41.82 ± 0.46
D10-4 L L L L L L 41.91 ± 0.46
D14-1 12.3 ± 3.5 148 ± 19 423 ± 47 209 ± 25 25.94 4.88

5.10
-
+ 3.48 0.78

0.69
-
+ L

D15-3 8.1 ± 2.8 282 ± 33 393 ± 44 685 ± 73 29.56 2.89
3.06

-
+ 4.26 0.49

0.52
-
+ 41.74 ± 0.46

F08-2 L 522 ± 57 326 ± 37 563 ± 61 46.15 6.72
7.66

-
+ 6.27 1.34

1.30
-
+ 41.95 ± 0.46

F09-1 L L L L L L 42.20 ± 0.46
F12-4 15.3 ± 3.9 224 ± 27 279 ± 32 594 ± 64 23.43 7.05

7.65
-
+ 4.11 1.02

0.74
-
+ 42.21 ± 0.46
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this difference due to the limited ΣSFR values probed by a
single galaxy. In contrast, Valentino et al. (2020) found
qualitative agreement between the unresolved Narayanan &
Krumholz (2014) model and their CO(5−4)/CO(2−1) obser-
vations in z= 1.1–1.7 IR-selected galaxies on and above the
main sequence of star formation.

It is possible that because these models do not explicitly
model gas-rich clumpy disks like DYNAMO and high-redshift
star-forming galaxies, that their properties are not completely
captured in the early-phase snapshots of the model disks and
model mergers (Narayanan & Krumholz 2014). It is also
possible that a model that characterizes global CO excitation
properties for an average ΣSFR may not be well suited to
investigate the internal variations within a single galaxy. To test
this, we convolve our Hα maps to the CO(1−0) beam sizes
(∼5″–10″) of Fisher et al. (2019) and measure the global ΣSFR

of each galaxy for which data are available. We then use
Equation (5) and the unresolved parameters of Narayanan &
Krumholz (2014) to predict R31 and R41. We list these
predictions in the last two columns of Table 3. We find that
overall, the Narayanan & Krumholz (2014) models give better
predictions of our global R31 and R41 measurements than our
kiloparsec-scale R43 measurements, which may indicate that
the unresolved models do not capture the kiloparsec-scale
variation in CO excitation. Using hydrodynamical simulations,
Bournaud et al. (2015) studied the CO SLEDs of high-redshift
galaxies (as well as spirals and mergers) and investigated the
contribution of giant clumps to the global CO SLED. They
derive CO SLEDs for clumps and the interclump gas and show
that there is a considerable difference in the CO excitation (see
their Figures 3 and 4). This may indicate a need for models that
specifically relate CO excitation, measured at various physical

scales, in gas-rich clumpy disks to observable quantities such
as ΣSFR.

5. Conclusions

In this work, we have combined ∼1–2 kpc scale ALMA
observations of CO(3−2) and CO(4−3) with HST observations
of Hα, to study the CO(4−3)/CO(3−2) line ratio and its
dependence on ΣSFR. We have combined this with SOFIA
HAWC+ and FIFI-LS observations of [CII], which provide
additional measurements of the ISM gas physical conditions.
We summarize our findings here:

1. DYNAMO galaxies have typical CO(4−3)/CO(3−2)
line ratios of R43= 0.54 0.15

0.16
-
+ , which is most consistent

with samples of star-forming ∼1–2 main-sequence
galaxies (e.g., Daddi et al. 2015; Boogaard et al. 2020;
Henríquez-Brocal et al. 2022).

2. Likewise, the global CO(3−2)/CO(1−0) and CO(4−3)/
CO(1−0) measurements in DYNAMO are higher than
global measurements of nearby star-forming galaxies
(Leroy et al. 2022) and are more consistent with the
measurements of z∼ 1–2 star-forming galaxies (see, e.g.,
Daddi et al. 2015; Dessauges-Zavadsky et al. 2015;
Birkin et al. 2021; Harrington et al. 2021).

3. The DYNAMO SEDs derived from SOFIA HAWC+
suggest cooler dust temperatures than those observed in
local starburst galaxies and U/LIRGs. This suggests that,
while DYNAMO galaxies are strongly star-forming, their
star formation must be distributed rather than very
compact. This is consistent with the picture we obtain
from the CO(4−3)/CO(3−2) line ratio measurements
and the clumpy morphology of these systems.

Figure 6. Left: Spectral energy distribution of galaxies DYNAMO D14-1, D15-3, F08-2, and F12-4 based on fluxes from SOFIA HAWC+ (colored symbols) and
WISE observations (open colored symbols). The solid colored lines are the resulting SED fits using MBB_EMCEE, with the corresponding dust temperatures appearing
at the top left corner. For DYNAMO D14-1 and D15-3, the dust temperatures derived from the HAWC+ measurements are consistent with those derived by White
et al. (2017) using Herschel PACS and SPIRE photometry. Right: The [CII]-to-TIR ratio as a function of the TIR. The colored symbols with black outlines correspond
to DYNAMO measurements; the magenta symbols have TIR measurements derived from SED fitting, while the teal symbols have the TIR estimated from SFRs. For
galaxies where we have both SED measurements and SFRs, we link the data points via a black dashed line. Grey error bars are the assumed 40% calibration
uncertainty for the [CII] observations and TIR uncertainties propagated through the ratio. We compare our DYNAMO measurements to those of Herrera-Camus et al.
(2018a) and find that DYNAMO galaxies do not show a deficit of [CII] emission, consistent with their cooler dust temperatures.
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4. The DYNAMO CO(4−3)/CO(3−2) line ratios are
positively correlated with the ΣSFR measurements, with
a Spearman rank-order correlation coefficient of ρ= 0.6.
Our best-fit relation between the CO(4−3)/CO(3−2)
line ratio and ΣSFR is R 0.2 0.04 log43 SFR( )=  ´ S +
0.67 0.02( ) . This relation suggests a steeper relation
than predicted by the parameterization of Narayanan &
Krumholz (2014), which also overpredicts the line ratio
over the whole range of ΣSFR values probed by
observations. It is possible that this is consistent with
the low dust temperatures of DYNAMO galaxies.
However, Sharon et al. (2019), who also studied ∼ kpc
scale line ratios in a high-redshift lensed galaxy, also
found a discrepancy between the models and observa-
tions. This may indicate that models that investigate CO

emission variations with internal galaxy properties for
gas-rich clumpy disks are required.
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Appendix A
SOFIA Observations

We include here the integrated intensity maps of [CII] from
FIFI-LS (Figure 8), and HAWC+ images (Figure 9) of the
SOFIA DYNAMO sample.

Figure 7. CO(4−3)/CO(3−2) line ratio as a function of the SFR surface
density, measured in beam-sized regions across the disk of each galaxy,
indicated by the color and symbol coding in the legend. We present these data
for galaxies where observations of both CO transitions and Hα exist. Despite
the large uncertainties, there is an indication of an increasing line ratio with
increasing SFR surface density trend. This is parameterized by Spearman’s
rank-order correlation coefficient of ρ = 0.6, suggesting a moderate positive
correlation between these two quantities. We present a linear fit to our
measurements (black solid line) and for comparison, include the predicted trend
using the unresolved relation between CO intensity and ΣSFR of Narayanan &
Krumholz (2014; black dashed line), and their 70 pc resolved relations (black
dashed–dotted line).
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Figure 8. [CII] integrated intensity maps of DYNAMO galaxies in units of Jy km s−1. The white circle is centered on the DYNAMO galaxy, and its size corresponds
to the angular resolution of the FIFI-LS instrument (15 6). DYNAMO D15-3 (first row, rightmost panel) is the only galaxy that overlaps with the ALMA sample.
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Figure 9. SOFIA HAWC+ observations of DYNAMO galaxies: 89 μm (left), 155 μm (middle), and 216 μm (right) in units of Jy pixel−1. The black circles are
centered on the position of the DYNAMO galaxy observed (indicated at the top right corner of the leftmost panels), and their size corresponds to the angular resolution
of each band (wavelength is indicated at the top left corner of each panel). The crimson dashed circles define the background annulus. DYNAMO D15-3 (second row)
is the only galaxy that overlaps with the ALMA sample.

15

The Astrophysical Journal, 945:9 (17pp), 2023 March 1 Lenkić et al.



Appendix B
Line Ratio Literature Compilation

Daddi et al. (2015) used IRAM PdBI observations of
CO(2−1), CO(3−2), and CO(5−4), and Very Large Array
observation of CO(1−0) in three main-sequence star-forming
disk galaxies at z∼ 1.5 to study their CO excitations. We use
their average R31 and interpolate their models from their Figure
10 to extract R41, then take the ratio R41/R31 to obtain
R43= 0.74 ± 0.26, which we include in Figure 4 as a black
circle.

Kamenetzky et al. (2016) found a linear relation between
LFIR and L CO¢ for low- to mid-J CO lines and a slightly
sublinear relation for high-J CO lines. We adopt the slope and
intercepts of the relations for CO(4−3) and CO(3−2) from
their Tables 6 and 7 (for U/LIRGs and non-U/LIRGs
(LFIR� 6× 1010 Le), respectively), and assume an FIR
luminosity of 1011 for the U/LIRG case and 1010 for the
non-U/LIRG case to derive the L LFIR CO- ¢ relations. Taking
the ratio of these we find R43= 0.51 ± 0.10 and 0.25 ± 0.05
for U/LIRGs and non-U/LIRGs, respectively, assuming a 20%
uncertainty. We plot these as black stars in Figure 4.

Rosenberg et al. (2015) studied the CO SLEDs of 29 U/
LIRGs from CO(1−0) through CO(13−12). They classify their
objects into three classes based on their excitation level. Where
available, we compiled CO(4−3) and CO(3−2) fluxes from
their Tables 2 and 3, and divided the resulting ratios by (Ju

3/Jl
3)

to convert from units of Wm−2 to K. Finally, we separated the
galaxies according to their classification, and plot the median
line ratio for each class as black diamonds in Figure 4. The
error bars represent the standard deviation of line ratios in each
class to illustrate the spread. We note that most of the
Rosenberg et al. (2015) sample is contained within the
Kamenetzky et al. (2016) sample.

Papadopoulos et al. (2012) studied the CO SLEDs of 70 U/
LIRGs; we averaged the R43 values from their Table 7 (eight
galaxies in total) and calculated the standard error on the mean.
This results in R43= 0.96± 0.12; we plot this as a black
pentagon in Figure 4. We note that 11/70 galaxies from the
Papadopoulos et al. (2012) sample overlap with the sample of
Rosenberg et al. (2015).

Finally, Henríquez-Brocal et al. (2022) combined NOEMA
observations of [CI](1−0), [CI](2−1), and CO(7−6) with
ancillary CO(1−0) and CO(3−2) observations to model the
CO SLED of Q1700-MD94, a massive main-sequence galaxy
at z∼ 2, with a one- and two-temperature component model
using RADEX (van der Tak et al. 2007). We interpolate the
model curves in their Figure 3 to extract R43= 0.92 ± 0.18 and
0.77 ± 0.15 for the one- and two-component models, respec-
tively (taking a 20% uncertainty). We do not plot these values
in Figure 4, but include them in Table 2.
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