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ALMA SHOWS THAT GAS RESERVOIRS OF STAR-FORMING DISKS OVER THE PAST 3 BILLION YEARS
ARE NOT PREDOMINANTLY MOLECULAR
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ABSTRACT
Cold hydrogen gas is the raw fuel for star formation in galaxies, and its partition into atomic and molecular phases
is a key quantity for galaxy evolution. In this Letter, we combine Atacama Large Millimeter/submillimeter Array and
Arecibo single-dish observations to estimate the molecular-to-atomic hydrogen mass ratio for massive star-forming
galaxies at z ∼ 0.2 extracted from the HIGHz survey, i.e., some of the most massive gas-rich systems currently known.
We show that the balance between atomic and molecular hydrogen in these galaxies is similar to that of local mainsequence disks, implying that atomic hydrogen has been dominating the cold gas mass budget of star-forming galaxies
for at least the past three billion years. In addition, despite harboring gas reservoirs that are more typical of objects
at the cosmic noon, HIGHz galaxies host regular rotating disks with low gas velocity dispersions suggesting that high
total gas fractions do not necessarily drive high turbulence in the interstellar medium.
Keywords: galaxies: evolution — galaxies: ISM — ISM: kinematics and dynamics — radio lines:
galaxies
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1. INTRODUCTION

It is now well established that, in the local Universe,
the vast majority of the cold gas reservoir in galaxies is
in the form of atomic hydrogen. On average, only ∼30%
of cold gas is found in the molecular phase that directly
feeds star formation, though the scatter is large (e.g.,
Catinella et al. 2010; Saintonge et al. 2011; Boselli et al.
2014b). All gas phases rotate in a thin disk with a low
degree of turbulence, i.e., velocity dispersions of ∼10-30
km s−1 , depending on the observed phase (Epinat et al.
2010; Ianjamasimanana et al. 2015; Mogotsi et al. 2016).
In recent years, cosmological simulations have started
providing predictions for the evolution of the molecularto-atomic hydrogen ratio as a function of redshift. The
general expectation is that at earlier cosmic epochs
H2 becomes gradually more dominant in galaxies
(Obreschkow & Rawlings 2009; Lagos et al. 2011; Popping et al. 2014) and that the gas turbulence increases
(Genzel et al. 2011). This may be related to the fact that
high-redshift galaxies are more compact (e.g., Trujillo
et al. 2006) and thus gas surface densities are higher, favoring the condensation of atoms into molecules. With
such high densities, the gas would need to be turbulent
to avoid gravitational collapse and full consumption by
star formation in just a few million years.
Observationally, these predictions have been supported only indirectly by the discovery of star-forming
disks at z &1. These galaxies have stellar masses greater
than ∼1010 M , and equally large reservoirs of H2 showing a high degree of turbulence (i.e., gas velocity dispersions ∼50-60 km s−1 ; Förster Schreiber et al. 2009;
Swinbank et al. 2011; Genzel et al. 2011, 2013; Tacconi
et al. 2013). Since the molecular and stellar masses are
comparable for these systems, the expectation is that,
if Hi is present, it must contribute very little (e.g., less
than 50%) to the total cold gas reservoir (Genzel et al.
2015; Wuyts et al. 2016; Burkert et al. 2016). Unfortunately, current radio telescopes are unable to detect
Hi at the cosmic noon, making it impossible to directly
prove these assumptions.
Intriguingly, only recently it has become possible to
detect Hi emission from galaxies at redshift z ∼ 0.20.4, enabling us to gain some insights into the balance
between atoms and molecules beyond our local neighborhood. The data collected so far as part of the CO
Observations with the LMT of the Blind Ultra-Deep Hi
Environment Survey (COOL BUDHIES, Cybulski et al.
2016) and COSMOS Hi Large Extragalactic Survey
(CHILES, Fernández et al. 2016) show H2 -dominated
gas reservoirs, unlike star-forming galaxies today, lending support to a rapid evolution of the molecular-toatomic gas ratio as a function of redshift. However, these

samples only comprise a handful of galaxies (seven objects in total) and are unlikely to be representative of
the star-forming population.
In order to determine whether Hi becomes so rapidly
negligible beyond the very local Universe, we used the
Atacama Large Millimeter Array (ALMA) to measure the H2 masses of galaxies in the HIGHz sample (Catinella et al. 2008; Catinella & Cortese 2015).
HIGHz is the highest-redshift sample to date of isolated galaxies with available measurements of Hi masses.
HIGHz galaxies are massive (M∗ >2×1010 M ), diskdominated systems at z ∼0.2 with Hi-to-stellar mass
ratios up to 190% and star formation rates (SFR) between 3 and 35 M yr−1 (i.e., slightly higher than
those typical of main-sequence galaxies at that redshift; Catinella & Cortese 2015). As discussed in § 3,
the different selection criteria adopted by HIGHz and
COOL BUDHIES are such that, once combined, these
two samples start providing us with a fairer view of the
range covered by the molecular-to-atomic gas ratio of
star-forming galaxies at z ∼ 0.2.
All of the distance-dependent quantities in this work
are computed assuming ΩM =0.3, ΩΛ =0.7 and H0 = 70
km s−1 Mpc−1
2. THE DATA

2.1. ALMA

12

CO(1-0) observations

We used ALMA to observe five HIGHz galaxies selected to span the range of sizes, Hi gas fractions and
SFRs covered by the entire sample. We imposed an additional declination cut (Declination<6◦ ) to maximize
the observability from the Chajnantor Plateau. HIGHz
galaxies were observed as part of program 2015.1.00405
(P.I. Catinella) between 2016 March 5 and 19, during
the ALMA observing Cycle 3. The total time on source
ranged between 150 and 270 minutes depending on the
redshift of the source. We used a similar spectral setup for all our targets, with four 1875 MHz wide spectral windows, one centered at the expected frequency of
the 12 CO(1-0) emission (ranging between 91.3 and 96.8
GHz) and the other three used to obtain continuum observations (not discussed in this Letter). Observatory
calibration was used, with either Callisto, Ganymede,
Titan, J0854+2006, J1337−1257 or J1550+0527 being
observed as flux density calibrator, providing an uncertainty below 10%. Data were recorded at a spectral resolution of ∼3.0 km s−1 . The data were reduced using the
standard ALMA pipeline within the Common Astronomy Software Applications (CASA) package (McMullin
et al. 2007). Our final data products consist of cleaned
flux-calibrated cubes (corrected for variations in the primary beam response) with ∼20 km s−1 channel width (
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Figure 1. Multiwavelength properties of HIGHz galaxies. Top rows: Optical Sloan Digital Sky Survey color images and
ALMA 12 CO(1-0) moment 0 maps. Both sets of images are 3000 wide. The size of the synthesized ALMA beam is shown by the
ellipse on the bottom left corner of the 12 CO(1-0) maps. Third row: comparison between the integrated Arecibo Hi (red) and
ALMA 12 CO(1-0) (blue) spectra. Flux densities have been scaled to facilitate the comparison. Bottom row: Hα (magenta) and
12
CO(1-0) (blue) velocity dispersion as a function of radius. Small points indicate individual measurements, whereas big circles
show the averages estimated within 3 kpc wide bins. Averages are presented only when at least four measurements are available.
The shaded region corresponds to one FWHM of the ALMA synthesized beam, where measurements are heavily affected by
beam smearing.

as a trade-off between signal-to-noise and spectral resolution), a synthesized beam of ∼1.7 arcsec and a typical
rms noise per channel of ∼0.2-0.3 mJy beam−1 . The array configuration used is sensitive to extended emission
up to ∼2000 . This is larger than the optical size of our
targets, suggesting that we are not missing a significant
fraction of the total flux.
Zeroth-, first- and second-order moment maps have
been obtained from the primary-beam corrected cubes
as follows. Firstly, cubes are smoothed using a Gaussian

filter of width equal to the synthesized beam. Secondly,
for each velocity slice, pixels with intensity below three
times the typical rms of the smoothed cube are masked.
By creating a mask from the smoothed cube we maximize our ability to capture low-level emission that a
mask on the original cube would likely miss. Thirdly,
moment maps are obtained from the original cube by
including only those pixels that are not masked in the
smoothed version. The velocity channels included in
each moment map have been chosen via visual inspec-
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Table 1. The cold gas content of HIGHz galaxies
AGCa

SDSS ID

zSDSS

log(M∗ )
M

SCO
Jy km s−1

log(MH2 )

log(MH2 /MHI )

M

log(SFR)
M

yr−1

191728

J091957.00+013851.6

0.1763

10.89

2.91

10.15

−0.20

1.17

242091

J140522.72+052814.6

0.1954

11.03

1.55

9.97

−0.61

1.24

242147

J142735.69+033434.2

0.2455

11.26

2.32

10.35

−0.46

1.43

249559

J144518.88+025012.3

0.1906

11.17

3.86

10.34

−0.06

1.19

252580

J151337.28+041921.1

0.1754

10.78

0.74

9.55

−1.04

0.79

a Arecibo General Catalog, maintained by M. P. Haynes and R. Giovanelli at Cornell University

tion of each cube slice. Alternative ways to extract integrated flux densities include creating moment 0 maps
after masking only pixels below 2σ rms estimated in
the unsmoothed cube, or creating moment 0 maps without masking. All of these methods provide flux densities within 10% of the value obtained with our preferred
technique described above.
Fig. 1 illustrates the main properties of HIGHz galaxies. The top two rows present a comparison between
the optical and 12 CO(1-0) images of HIGHz galaxies.
The CO emission is spatially resolved and distributed
along the disk. The comparison between the Hi and CO
integrated spectra (third row) highlights the excellent
agreement in the velocity range covered by the molecular and atomic phases, implying that both components
trace the same gravitational potential. This is far from
trivial, given the different spatial resolution of the two
datasets, and provides further confirmation that the Hi
signal is not significantly contaminated by neighboring
galaxies within the Arecibo beam (∼800 kpc diameter
at z=0.2).
Integrated 12 CO(1-0) luminosities have been estimated from observed flux densities (SCO in Jy km s−1 )
as in Solomon et al. (1997):
2
LCO = 3.25 × 107 SCO ν −2 DL
(1 + z)−3

(1)

where ν is the observed frequency of the 12 CO(1-0) line
in GHz, DL is the luminosity distance in Mpc and z is
the redshift of the source. H2 masses are then obtained
by assuming a Galactic CO-to-H2 conversion factor of
3.2 M (K km s−1 pc2 )−1 (i.e., without including the
contribution of Helium). Given that all our galaxies are
massive and thus likely metal-rich systems, we can safely
assume that a Milky Way conversion factor is a good
assumption for our sample. We assume the same COto-H2 conversion factor for all samples studied in this
Letter. This is a conservative assumption, as a lower

conversion factor (more typical of extreme outliers of
the main sequence of star-forming galaxies, e.g., Accurso
et al. 2017) would reinforce our conclusions by further
reducing the molecular-to-atomic hydrogen ratio. The
integrated properties of HIGHz galaxies are presented
in Table 1.
2.2. Keck Hα spectroscopy
Optical long-slit spectroscopy of the five HIGHz galaxies presented here has been obtained with the Echellette
Spectrograph and Imager (ESI; Sheinis et al. 2002) on
the 10m Keck II telescope at Maunakea. Observations
were carried out on 2016 March 30 and 31, as part of
program 2016A-07-Z023E (PI Cortese) in clear sky conditions with ∼1 arcsec seeing. We used ESI in echelle
mode with slit 0.7500 wide and 2000 long, and a spectral resolution of R∼5400. We integrated for 4×1200s
for AGC242147 and 5×1200s for all the other targets,
using position angles aligned to the optical major axis.
The spectra were reduced with the standard processing tools in IRAF1 .Observations of a bright star were
used to trace, straighten, and extract the spectral orders, and calibration lamp spectra were used to generate
a wavelength solution. Sky lines were subtracted with a
running median in windows away from the galaxy emission. The final velocity resolution (σ) for each target
is ∼20 km s−1 . At this resolution, the nebular Hα and
[NII] emission lines are cleanly separated. To derive gas
velocity dispersions, for each spatial pixel (0.1500 ) we
extracted a spectrum of the Hα line and fit it with a
Gaussian profile, rejecting fits with uncertainties in σ
greater than 15 km s−1 . For all galaxies we obtained
1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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Figure 2. Cold gas reservoir of galaxies between z ∼ 0 and ∼ 1.5. The H2 mass as a function of Hi mass (top left), the
evolution of the molecular-to-atomic mass ratio with redshift (top right) and the total cold gas fraction as a function of stellar
mass (bottom right) are shown. Filled symbols indicate samples with measurements of both atomic and molecular hydrogen.
The gray lines in the top panels show the boundary between the Hi- (bottom) and H2 -dominated (top) regimes. Above z ∼
0.4, detecting Hi in emission is unfeasible with current instruments; thus, PHIBSS galaxies are plotted as lower limits assuming
MH2 /MHI ≥2 .

good fits out to at least 300 in radius (∼10 kpc), and in
some cases beyond 600 . While weaker, we also measured
other hydrogen and forbidden line profiles as a verification of our Hα fits. Hα velocity dispersions were then
computed by correcting the observed σ for both instrumental resolution and redshift broadening.
3. RESULTS

The main result of this work is summarized in Fig. 2,
where we compare the H2 and Hi content of HIGHz
galaxies with those observed in galaxies at different redshifts. Panels show the relation between atomic and
molecular hydrogen mass (top left), the variation of the
molecular-to-atomic hydrogen ratio as a function of redshift (top right), and the total (molecular plus atomic,
including a factor of 1.3 to account for the contribution of helium) gas-to-stellar mass ratio as a function of
stellar mass (bottom-left). Local star-forming galaxies
are from the COLD GASS survey (Catinella et al. 2010;
Saintonge et al. 2011, blue points), whereas samples at

redshifts z ∼ 0.2 and ∼ 0.37 are from the COOL BUDHIES (magenta triangles) and CHILES (green square)
surveys, respectively. Black arrows show star-forming
galaxies at z ∼1.5 from the PHIBSS survey (Tacconi
et al. 2013). Note that, for consistency with other samples, here we only show COLD GASS galaxies detected
in both Hi and CO, and lying within 0.5 dex from the
main sequence as estimated by Whitaker et al. (2012).
Stellar masses come from either spectral energy distribution fitting (HIGHz, COLD GASS, COOL BUDHIES,
PHIBSS) or near-infrared luminosities (CHILES) and,
whenever necessary, have been rescaled to a Chabrier
(2003) initial mass function. It is important to note
that, while for all the other samples Hi flux densities
have been directly measured, detecting 21 cm emission at z & 0.4 is currently unfeasible. Thus, following previous works (e.g.,Genzel et al. 2015; Wuyts et al.
2016), we plot PHIBSS galaxies as lower limits assuming
MH2 /MHI ≥2 (but see § 4).
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Figure 3. The SF R − M∗ relation for samples at different
z. Symbols are as in Fig. 2. Solid lines show the main
sequence of star-forming galaxies at each redshift of interest
as estimated by Whitaker et al. (2012).

All HIGHz galaxies observed by ALMA are Hidominated, despite harboring ∼1010 M of H2 . By
combining HIGHz with the COOL BUDHIES sample
we show that no significant change in the typical range
of molecular-to-atomic hydrogen ratio took place in the
past 3 Gyr, and that the gas reservoirs of star-forming
galaxies are on average still Hi-dominated. Indeed, the
range of values spanned by HIGHz and COOL BUDHIES combined nicely matches that of COLD GASS
galaxies. In other words, the addition of HIGHz galaxies clearly reconciles the difference in the molecularto-atomic hydrogen ratios previously observed between
local and higher-redshift objects.
Despite their different MH2 /MHI ratio, HIGHz and
COOL BUDHIES galaxies have similar SFRs, as shown
in Fig. 3, where we present the SF R − M∗ relations for
all samples discussed in this Letter. SFR estimates are
obtained from a variety of methods including Hα luminosities from Sloan Digital Sky Survey spectra (HIGHz),
24µm luminosities (CHILES), total far-infrared luminosities (COOL BUDHIES), or a combination of ultraviolet and infrared luminosities (PHIBSS and COLD
GASS). Solid lines show the location of the main sequence of star forming galaxies at each redshift of interest, as estimated by Whitaker et al. (2012). Due to
the lack of homogeneous data, it is impossible to use the
same method for all datasets. Nevertheless, these values are only used to compare the position of each sample
with respect to its main sequence and show that, on average, HIGHz, COOL BUDHIES, and PHIBSS lie on
the upper envelope of their respective sequences. The
only clear exception is the CHILES galaxy COSMOS
J100054.83+023126.2, which has a SFR almost a factor
of 10 higher than what was expected for its stellar mass
and redshift.

The different MH2 /MHI ratio of HIGHz and COLD
BUDHIES is likely due to their different selection criteria. COOL BUDHIES targeted cluster galaxies mainly
pre-selected according to their 24µm emission. Both the
environmental and far-infrared selections favor galaxies
with a higher than usual molecular-to-atomic ratio, explaining the higher H2 fractions compared to local galaxies (Boselli et al. 2014a; Cortese et al. 2016). Conversely,
HIGHz objects were selected to be isolated systems,
avoiding objects with signs of disturbances or dominated by obscured star formation (Catinella & Cortese
2015). These antithetical selection criteria, in addition
to the fact that both samples lie close to the main sequence at z ∼ 0.2, strongly suggest that, when combined, HIGHz and COOL BUDHIES may show the full
range of molecular-to-atomic hydrogen ratio of typical
galaxies at z ∼ 0.2, which does not appear to be different from that of local galaxies. Unfortunately, with
just 11 galaxies and very different selection criteria, it
is impossible to quantify any evolution in the average
molecular-to-atomic hydrogen ratio.
Similarly, the high MH2 /MHI ratio observed at z ∼
0.37 by CHILES is likely a consequence of the highly
obscured SFR of this object. Indeed, even in the local Universe, the most obscured galaxies outliers of the
main sequence have more molecular than atomic hydrogen (Sanders & Mirabel 1996).
HIGHz galaxies have total cold gas masses and gas
fractions very similar to those inferred for star-forming
turbulent disks at z ∼ 1, as shown in the bottomleft panel of Fig.2. Even if we focus only on the H2
component, there is a significant overlap in gas mass
reservoirs between PHIBSS and HIGHz galaxies. This
demonstrates that, up to the redshifts where we have
been able to measure both Hi and H2 , atomic hydrogen still dominates the cold gas budget even in highly
star-forming galaxies. It also indicates that molecular
reservoirs of the order of ∼1010 M do not imply the
absence of equally massive Hi disks.
Such high total gas fractions have been invoked to
explain the large velocity dispersion observed in the interstellar medium (ISM) of z ∼ 1 galaxies (Genzel et al.
2011; Glazebrook 2013). In the bottom row of Fig. 1
we combine CO (blue) and Hα (magenta) velocity dispersion measurements to test this scenario with HIGHz.
We plot single measurements and averages with small
and large circles, respectively, as a function of projected
distance from the galaxy center. CO velocity dispersions are extracted from moment-two maps using only
pixels overlapping with the position of the Keck longslit. The shaded region in each panel shows the size of
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the ALMA synthesized beam and highlights where our
measurements are heavily affected by beam smearing.
Our data show that high total gas fractions do not
automatically lead to high turbulence in the ISM. The
velocity dispersion of the CO component of HIGHz systems is ∼10-20 km s−1 , as observed in local spiral galaxies (Mogotsi et al. 2016). Similarly, the Hα-emitting gas
has dispersions ∼20-40 km s−1 , again consistent with
that observed in main-sequence star forming galaxies at
z ∼ 0 (Epinat et al. 2010). Indeed, a significant difference between the cold and warm phases of the ISM is in
line with previous works (Andersen et al. 2006). We note
that the velocity dispersions obtained for both CO- and
Hα-emitting gas are close to our instrumental resolution. Thus, although in most of our objects we reach the
flat part of the rotation curve, we cannot exclude that
our measurements overestimate the real value. However,
this would only reinforce our conclusion that active star
formation and high gas richness do not always imply
high degree of turbulence.
4. CONCLUSION

In this Letter we combined Arecibo Hi single-dish observations with new ALMA 12 CO(1-0) maps of HIGHz
galaxies to show that the balance between atomic and
molecular hydrogen in massive, gas-rich, star-forming
galaxies at z ∼ 0.2 is roughly the same as observed in
our local neighborhood. Our results demonstrate that
previous evidence for a rapid increase of the H2 -to-Hi
mass ratio with redshift was likely due to sample selection favoring molecular-dominated systems. Similarly,
the low velocity dispersion of both cold and warm components of the ISM in HIGHz systems strongly suggests
that it is the local density, rather than the total amount
of cold hydrogen, that regulates the level of turbulence
of the ISM.
Given the significant increase in SFR and decrease in
typical galaxy size when moving from z ∼ 0.2 to z ∼
1, it is still reasonable to expect that the molecular-toatomic hydrogen mass will increase with redshift. This
is particularly true within the optical disk, where the gas
surface density should be high enough to allow the con-
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densation of atoms into molecules. However, our results
suggest that, given the large scatter in the molecularto-atomic ratio, Hi disks contributing significantly (or
even dominating) the total cold gas reservoir of galaxies may still exist in the outer parts of z ∼ 1 galaxies.
Thus, some caution must be used when assuming that
star-forming disks at z &0.5 have molecular-dominated
gas reservoirs.
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