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ABSTRACT

Context. Molecular gas is a necessary fuel for star formation. The COYransition is often used to deduce the total molecular
hydrogen but is challenging to detect in low-metallicity galaxies in spite of the star formation taking place. In contrast, the
[Cii] 158 m is relatively bright, highlighting a potentially important reservoir of #at is not traced by CO (10) but is resid-

ing in the C -emitting regions.

Aims. Here we aim to explore a method to quantify the totalvhss My,) in galaxies and to decipher what parameters control the
CO-dark reservoir.

Methods. We present Cloudy grids of density, radiation eld, and metallicity in terms of observed quantities, such],akC[q

CO(1 0), [Cil], Ltr, and the totaMy,,. We provide recipes based on these models to derive Myaimass estimates from obser-
vations. We apply the models to therschelDwarf Galaxy Survey, extracting the totil,, for each galaxy, and compare this to
the H, determined from the observed CO @) line. This allows us to quantify the reservoir of that is CO-dark and traced by the

[Cl] 158 m.

Results. We demonstrate that while the,Hraced by CO (10) can be negligible, the [@] 158 m can trace the total H We

nd 70 to 100% of the total K mass is not traced by CO (D) in the dwarf galaxies, but is well-traced by i 158 m. The
CO-dark gas mass fraction correlates with the obselryag/Lcon o) ratio. A conversion factor for [@] 158 m to total H, and a new
CO-to-totalMy, conversion factor as a function of metallicity are presented.

Conclusions. While low-metallicity galaxies may have a feeble molecular reservoir as surmised from CO observations, the presence
of an important reservoir of molecular gas that is not detected by CO can exist. We suggest a general recipe to quantify the total
mass of H in galaxies, taking into account the CO andii[Cobservations. Accounting for this CO-dark Igas, we nd that the
star-forming dwarf galaxies now fall on the Schmidt—Kennicutt relation. Their star-formirgeacy is rather normal because the
reservoir from which they form stars is now more massive when introducing thigrf@asures of the total Htompared to the small
amount of H in the CO-emitting region.

Key words. photon-dominated region — galaxies: ISM — galaxies: dwarf — HIl regions — infrared: ISM

1. Introduction re ected in the Schmidt—Kennicutt relationship (e.g. Kennicutt
1998; Kennicutt et al. 2007; Bigiel et al. 2008; Leroy et al. 2008,
Our usual view of star formation posits the molecular gas res@0813; Genzel et al. 2012; Kennicutt & Evans 2012; Kumari et al.
voir as a necessary ingredient, the most abundant molec2020). However, directly witnessing the emission efa$soci-
being H. This concept is borne out through testimonies of theted with the bulk of the molecular clouds is not feasible. Indeed,
rst stages of star formation associated with and within mole&t, emits weakly in molecular clouds due to the lack of a perma-
ular clouds and numerous observational studies showing tient dipole momentand the high temperatures necessary to excite
observed correlation of star formation with indirect tracers f Heven the lowest rotational transitions (the two lowest transitions
have upper level energids=k, of 510 K and 1015 K). Therefore,
? Data in Fig. 6 are only available at the CDS via anonymous fig2 observations can only directly trace a relatively small bud-
to cdsarc.u-strasbg.fr ~ (130.79.128.5 ) or via http://cdsarc. get (15% to 30%) of warmer (LOO K) molecular gas in galaxies
u-strasbg.friviz-bin/cat/J/A+A/643/A141 (e.g. Roussel et al. 2007; Togi & Smith 2016), but not the larger
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reservoir of cold (10 20 K) molecular gas normally associate@017; Li et al. 2018; Heintz & Watson 2020) deemi[Go be
with star formation. a viable tracer of CO-dark H Likewise, ALMA has opened

In spite of four orders of magnitude lower abundance of Cthe window to numerous detections of i 158 m in the
compared to ki, most studies rely on CO rotational transitiontigh-z universe, making [@], which is more luminous than
to quantify the properties of the Heservoir in galaxies. The [C1], a popular tracer of total Hin galaxies (e.g. Zanella et al.
low excitation temperature of CO (D) ( 5K), along with its 2018; Bethermin et al. 2020; Schaerer et al. 2020; Tacconi et al.
low critical density (i) for collisional excitation (10°cm 2), 2020). Dust mass estimates via monochromatic or full spectral
make it a relatively strong, easily excited millimetre (mm) emignergy distribution (SED) studies have also been used to quan-
sion line to trace the cold gas in star-forming galaxies. Studitfy the total H, gas mass in the nearby and distant universe (e.g.
within our Galaxy long ago established a convenient recipe da Cunha et al. 2013; Groves et al. 2015, more background on
convert the observed CO (D) emission line to Bl gas mass, the di erent approaches to uncover CO-dark gas is presented in
that is, theXco conversion factor (see Bolatto et al. 2013, fothe following Sect. 2).
historical and theoretical development). Likewise, galaxies in Local and global environmental ects, including star for-
our local universe have also routinely relied on CO obsenation properties and metallicity, require consideration as well
vations to quantify the K reservoir (e.g. Leroy etal. 2011;when choosing the approach to relate total gas mass to star
Bigiel etal. 2011; Schrubaetal. 2012; Cormier etal. 201fgrmation. Low-metallicity environments present well-known
2016; Saintonge et al. 2017). CO is also commonly used to prasgues in pinning down the molecular gas mass. Detecting CO
the H, and star formation activity in the highfz 1 2) universe in dwarf galaxies has been notoriously diult (e.g. Leroy et al.
(e.g. Tacconi et al. 2010, 2018, 2020; Daddi et al. 2010, 202809, 2012; Schruba et al. 2012; Cormier et al. 2014; Hunt et al.
Combes et al. 2013; Carilli & Walter 2013; Walter et al. 201£015; Grossi et al. 2016; Amorin et al. 2016, and references
Genzel et al. 2015; Kamenetzky et al. 2017; Pavesi et al. 2018jthin), leaving us with uncertainties in quantifying the total
although for higher sources, highed CO lines may become molecular gas reservoir.
more readily available, but relating these to the bulk of the Star-forming dwarf galaxies often have super star clusters
Hz mass is less straightforward (e.g. Papadopoulos et al. 20@8jch have stellar surface densities greatly in excess of normal
Galleranietal. 2014; Kamenetzky etal. 2018; Vallini et aH Il regions and OB associations. Thus, the dearth of detectable
2018; Dessauges-Zavadsky et al. 2020). Well-known caveats €& raises questions concerning the fueling of such active star
hamper accurate total ,Hyas mass determination in galaxieormation. Possible explanations may include the following: (1)
based on observed CO emission only, including those associdf€dlis not a reliable tracer of the total molecular gas reservoir;
with assumptions on CO excitation properties, dynamicab¢s (2) there is a real under-abundance of molecular gas indicative
related toXco, presence of ensembles of molecular clouds alon§an excessively high star formation eiency; (3) B has been
the lines of sight in galaxies and low lling factor and abundancmostly consumed by star formation; (4} Has been completely
of CO compared to K as in low-metallicity environments (e.g.dissociated in the aftermath of star formation; and (5) Hl is the
Maloney & Black 1988; Glover & Mac Low 2011; Shetty et alimportant reservoir to host star formation.
2011; Narayanan et al. 2012; Pineda et al. 2014; Clark & Glover These issues compound the dulty in understanding the
2015; Bisbas et al. 2017). processes of both local and global star formation in low-

However, CO can fail altogether to trace the ful téservoir, metallicity environments. Developing reliable calibrators for the
particularly in low-metallicity galaxies. Lower dust abundancetal My, in low-metallicity galaxies is a necessary step to be
allows the far-ultraviolet (FUV) photons to permeate deepable to re ne recipes for converting gas into stars under early
into molecular clouds compared to more metal-rich cloudghiverse conditions and thus further our understanding of how
photodissociating CO molecules, leaving a largéreinitting galaxies evolve. Understanding the detailed physics and chem-
envelope surrounding a small CO core, ldn the other hand, istry of the structure and properties of the gas that fuels star
photodissociates via absorption of Lyman-Werner band photofamation can help us to discriminate strategies for accurate
which, for moderateA,, can become optically thick, allow- methods to get to the bulk of the molecular gas in galaxies.
ing H, to become self-shielded from photodissociation (e.g. Since carbon is one of the most abundant species in galax-
Gnedin & Draine 2014), leaving a potentially signi cant reseries, its predominantly molecular form, CO, and its neutral and
voir of H, existing outside of the CO-emitting core, within theonised forms, € and C, play important roles in the cooling
C*-emitting envelope (Fig. 1). The presence of this CO-dat the interstellar medium (ISM) of galaxies. The locations of
molecular gas (e.g. Papadopoulos et al. 2002; Rollig et al. 20€& transitions from ionised carbon, to neutral carbon, to CO,
Wol re et al. 2010; Glover & Clark 2012a) necessitates othevhich are within the photodissociation region (PDR)-molecular
means to trace this molecular gas reservoir that is not probedud structure, depend on numerous local physical conditions,
by CO. The total H mass is therefore the CO-dark gas masscluding the FUV radiation eld strengtiGp)*, hydrogen num-
plus the B within the CO-emitting core. Ecient star formation ber density i), gas abundances, metallici®)( dust properties,
in this CO-dark gas has been shown theoretically to be possiated so on. Low-metallicity star-forming environments seem to
(e.g. Krumholz & Gnedin 2011; Glover & Clark 2012b). harbour unusual PDR properties compared to their dustier coun-

More recently, observations of the submillimetre (submntgrparts, with notably bright [@] 158 m emission compared
transitions of [d] have been used to trace the total s mass to the often faint CO (10) emission, characteristics that can
in galaxies at high and low- especially due to the advent ofbe attributed to the lower dust abundance along with the star
the spectroscopic capabilities of SPIRE (Gnmiet al. 2010) on formation activity and clumpy ISM (e.g. Cormier et al. 2014;
the HerschelSpace Observatory (Pilbratt et al. 2010) and witGhevance et al. 2016; Madden & Cormier 2019).
ALMA (Popping et al. 2017; Andreani et al. 2018; Jiao etal. In this study, we determine a basic strategy to quantify the
2019; Nesvadba et al. 2019; Bourne et al. 2019; Valentino ettaital H, mass in galaxies and estimate the CO-dark molecular
2020; Dessauges-Zavadsky etal. 2020), while theory and
simulations (Papadopoulos etal. 2004; r@retal. 2014; 1 1 Gy=1.6 103ergcm?s?, integrated over the energy range
Tomassetti et al. 2014; Glover & Clark 2016; Bothwell et ab 13.6 eV (Habing 1968).
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Fig. 1. Comparison of a solar metallicity (metal-rich) molecular cloud and a low-metallicity cloud impacted by the UV photons of nearby star
clusters. The decrease in dust shielding in the case of the low-metallicity cloud leads to further photodissociation of the molecular gas, leaving
layer of self-shielded Houtside of the small CO-emitting cores. This CO-dagkddn, in principle, be traced by [ or [C].

gas mass existing outside the CO-emitting core, for a rangeGy, ny, and metallicity. In this section we walk through the
of Z, ny, and Go. We start with the models of Cormier et alsteps for using the models in order to understand the mass bud-
(2015, 2019), which were generated using the spectral synthegsof the carbon-bearing species in the PDRs and to obtain the
code Cloudy (Ferland et al. 2017) to self-consistently model thatal H,. In Sect. 6 we apply the models to the particular case
mid-infrared (MIR) and far-infrared (FIR) ne structure coolingof 11Zw 40 observations, as an example. Section 7 discusses
lines and the total infrared luminosity {,r) from Spitzerand the model results applied to the DGS targets. In this section we
Herschel This approach allows us to constrain the photoionisaxtract the total Hfor these galaxies and discuss the implication
tion and PDR region properties, quantifying the density and inaf the CO-dark gas reservoirs. We provide recipes to estimate the
dent radiation eld on the illuminated face of the PD&,. These CO-dark B and the total K gas reservoir from [@l]. Possible
models exploit the fact that there is a physical continuity froaveats and limitations are noted in Sect. 8 and the results are
the PDR envelope, where the molecular gas is predominarglynmmarised in Sect. 9.

CO-dark, into the CO-emitting molecular cloud. This dark gas

reservoir can be primarily traced by thellC 158 m line while

theLciij/Lcoq o) can constrain the depth of the molecular cloud. CO dark gas studies

and thelciij/Ltir andLciij/Ljoj) constrain theSg and density

at the illuminated face of the PDR (discussed in Sect. 5.2). Wilfaree decades ago, the FIR spectroscopic window became read-
this study, we determine a conversion factor to pin down the tot¥| accessible from thekuiper Airborne Observatory (KAO)
H,, which will make use of the observed {i@, [0 ], CO (1 0), and the Infrared Space Observatory (ISO). First estimates of
and L. Application of the models to the star-forming low-he CO-dark H reservoir obtained from [€] 158 m obser-
metallicity galaxies of théierscheDwarf Galaxy Survey (DGS; Vations found that 10 to 100 times more; Hvas “hid-
Madden et al. 2013), using the observediijCand CO (1 0) den” in the C-emitting regions in dwarf galaxies compared
observations, allows us to extract the total #ass and deter- t0 that inferred from CO (10) alone (Poglitsch etal. 1995;
mine the fraction of the total fHreservoir that is not traced byMadden et al. 1997). These early estimates, for lack of access to
CO observations as a function of metallicity and other galac@i¢ditional complementary FIR diagnostics to carry out detailed
parameters. modeling, relied on a number of assumptions that have until
This paper is organised as follows. In Sect. 2 we review tRW limited the use of the FIR lines to robustly quantify this
studies that have focused on uncovering the CO-dark resenfefp-dark molecular gas in galaxies. Recent spatially resolved
in galaxies. The environments of the dwarf galaxies in the D&gdies of [ClI] in Local Group galaxies usingerscheland
are brie y summarised in Sect. 3. In Sect. 4 we introduce t}8€ Stratospheric Observatory for Infrared Astronomy (SOFIA)
observational context and the motivations of this study by cof@ve also con rmeq a signi cant presence of CO.-dark gas (e.g.
paring theLiciij/Lcou o) and Liciiy/Lrr? of the full sample of Fahrlpn etal. 2017; Requeng-Torres etal. 2016; Jameson et al.
the DGS to other more metal-rich galaxies from the literaturé918; Lebouteiller et al. 2019; Chevance et al. 2020). Addition-
In Sect. 5 we present Cloudy model grids and discuss tkeets ally, the MIR rotational transitions of Hrom Spitzerhave been
@nvoked to ded_uce a signi cant reservoir of kh dwarf _galax-
2 We note that for historical reasons, we usex when comparing '€S (Togi & Smith 2016). Other molecules observed in absorp-
observations of the DGS to other observations collected in the liteH2N, such as OH and HCQ have also been used as tracers
ture over the years, originally presented wlithg, such as Fig. 2, adapt- Of dark molecular gas in our Galaxy (Lucas & Liszt 1996;
ing Lrr andLyir as per Rémy-Ruyer et al. (2013, 2015). However, thidllen et al. 2015; Xu et al. 2016; Lietal. 2018; Nguyen et al.
study uses.rir (3 to 1100 m), which is more commonly used today. 2018; Lisztetal. 2019). However, the need for siently
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high sensitivity and resolution limits their use in otheR013), motivated by thélerschelPACS (Poglitsch et al. 2010)
galaxies. andHerschelSPIRE 55 to 500m photometry and spectroscopy
As rays interact with hydrogen nuclei, they can trace thmpabilities.
total interstellar gas. Comparison ofray observations in our
Galaxy with CO and M has uncovered an important reservoi
of neutral dark gas that is not traced by CO orr (&renier et al. - .
2005; Ackermann et al. 2012; Hayashi et al. 2019). Whitay low-metallicity environments
emission, in principle, can be one of the most accurate methqdfe DGS targeted the most important FIR diagnostic trac-
possible to get at the total gas mass, its use to measure the @@l [Cii] 158 m, [Oi] 63 m, [Oi] 145 m, [Oiii] 88 m,
interstellar gas mass in other galaxies is limited for now becaysgiii] 57 m, [Nii] 122 m, and [Nil] 205 m (Cormier et al.
of the need for relatively high-resolution observations. 2012, 2015, 2019) in a wide range of Iavgalaxies, as low
~ Comparison oHerschel[C II] velocity pro les to HI emis- as 1/50Z . Additionally, the DGS collected all of the FIR and
sion (Langer etal. 2010, 2014; Pineda etal. 2013; Tang et@ibmm photometry frorlerschelo investigate the dust proper-
2016) as well as observations comparing dust, C@fland tjes of star-forming dwarf galaxies. The IR SEDs exhibit distinct
H1 (Planck Collaboration XIX 2011; Reach etal. 2017) corcharacteristics setting them apart from higher metallicity galax-
rm that this CO-dark gas reservoir can be an importamés with di erent dust properties that generally exhibit overall
component in our Galaxy, and comparable to that traced Warmer dust than normal-metallicity galaxies; for example their
CO (1 0) alone. Recent hydrodynamical simulations with radigbvious paucity of PAH molecules and a striking non-linear drop
tive transfer and analytic theory also demonstrate the pr@sdust-to-gas mass ratios at lower metallicitizs<(0.1Z ; e.g.
ence of this dark gas reservoir in the Galaxy that shoufshlametz et al. 2011; Dale et al. 2012; Rémy-Ruyer et al. 2013,
be traceable via [@] (Smith etal. 2014; Oneretal. 2014; 2015).
Glover & Clark 2016; Nordon & Sternberg 2016; Gong etal. [Cii] usually ranks foremost amongst the PDR cooling lines
2018; Franeck et al. 2018; Seifried et al. 2020) and is often asgpnormal-metallicity galaxies, followed by the [ip 63 m,
ciate(_j with spiral arms in disc galaxies. While optically thick.Hwith the Licii+joi)/Lrr Often used as a proxy of the heat-
can, in principle, be the source of the CO-dark gas, there isin@ e ciency of the photoelectric @ct (e.g. Croxall et al.
compelling evidence that it contributes signi cantly to the dark012; Lebouteiller et al. 2012, 2019). Cormier et al. (2015) sum-
neutral gas (e.g. Murray et al. 2018). Therefore, we focus her@rised the observed FIR ne structure lines in the DGS
on the CO-dark i gas and the potential of'Cin particular, to noting that the range dficiij+oij/Lrir Of low-metallicity galax-
quantify the H reservoir. ies is higher than that for galaxies in other surveys of mostly
Dust mass measurements witanck compared to the gas metal-rich galaxies (e.g. Brauher et al. 2008; Croxall et al. 2012;
mass measurements, have uncovered a reservoir of dark gagider Laan et al. 2015; Cigan et al. 2016; Smith etal. 2017;
the Galaxy (Planck Collaboration XIX 2011; Reach et al. 2013)apham et al. 2017; Diaz-Santos et al. 2017), indicating rela-
Dust measurements have often provided easier means, in tefije8y high photoelectric heating eciency in the neutral gas.
of observational strategy, to quantify the full reservoir of gasowever, in star-forming dwarf galaxies, the {i} 88 m line
mass of galaxies in the local Universe as well as distant galax-the brightest FIR line, not the [ij] 158 m line, as noted
ies (e.g. Magdis etal. 2011; Leroy etal. 2011; Magnelli et an full-galaxy scales (e.g. Cormier et al. 2015, 2019) as well
2012; Ealesetal. 2012; Bourne etal. 2013; Sandstrom etagd. resolved scales (Chevance et al. 2016; Jameson et al. 2018;
2013; Groves et al. 2015; Scoville et al. 2016; Liang et al. 2018plles et al. 2019). In more quiescent, metal-poor galaxies, how-
Bertemes et al. 2018). This approach also entails its own fundger, the [di] 158 m line is brighter than the [@i] 88 m
mental issues (eg Pr_ivon etal. 2018) The derived total mOlq% (eg Cigan et al. 2016) The predominance of the |arge_
ular gas mass is a derence measure of two large quantitiescale [Qili] 88 m line emission, which requires an ionisation
(H1-derived atomic gas mass and dust-derived total gas magslergy of 35 eV, demonstrates the ease at which such hard pho-
which can result in large uncertainties. Dust mass determifgns can traverse the ISM on full galaxy scales in star-forming
tion, which is commonly derived via the modelling of the SEDgwarf galaxies (Cormier et al. 2010, 2012, 2015, 2019), high-
requires constraints that include submm observations and neggsting the di erent nature and the porous structure of the
sitates dust models with assumed optical properties as a functigm of low-metallicity galaxies. Since the [i@i]/[C ii] has been
of wavelength, composition and size distribution. Subsequenijpserved to also be similarly extreme in many highalaxies
turning total dust mass into total gas mass requires assun®y. Laporte et al. 2019; Hashimoto et al. 2019; Tamura et al.
tions on dust-to-gas mass ratios which can carry large uncgn19; Harikane et al. 2020), the results presented here, where
tainties depending on star folrmat|on history and met_aII.|C|ty angk focus on lowZ star-forming galaxies, may eventually be rel-
can vary by orders of magnitude, as shown by statistical stuslant to the understanding of the total molecular gas content and
ies of low-metallicity galaxies (e.g. Rémy-Ruyer et al. 2014itructure in some higk-galaxies.
Roman-Duval et al. 2014; Galliano et al. 2018).
One contributing factor to the diculty in being conclu- , : :
sive on the relationship of gas, dust, and star formation in |OV£\]-I'— Licii/L.coa o) in galaxies
metallicity conditions, in particular, is the fact that galaxies witRigure 2 shows the CO (D) luminosity (Lco) and [Cii] lumi-
full MIR to submm dust and gas modelling have been linnosities [ciij) normalised by FIR luminosityL{r) for a wide
ited to mostly metal-rich environments and relatively highesariety of environments, ranging from starburst galaxies and
star formation properties due to telescope sensitivity limitationGalactic star forming regions to less active, more quiescent
This impediment has been ameliorated with the broad waveormal” galaxies, low-metallicity star-forming dwarf galax-
length coverage and the high spatial resolution and sensitivityie§, and some high-metallicity galaxies as well as some high-
Hersche] allowing access to the gas and dust properties of logalaxies. This gure, initially presented by Stacey et al. (1991)
metallicity galaxies. The DGS has compiled a large obsenand subsequently used as a star-formation activity diagnos-
tional database of 48 low-metallicity galaxies (Madden et dlc, indicates that most normal and star forming galaxies are

8. Dwarf Galaxy Survey: extreme properties in
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Le B Dwarf Galaxi 1 2003), and normal galaxies (Malhotra et al. 2001). The
[ L L e dashed lines are lines of constantiij/Lcow 0. We
10°8 1077 10°° 107 note the location of the low-metallicity dwarf galaxies
(red squares) that show extreme observgd;/Lcog o)
LCO(I-’O)/LHR values.

observed to havéciij/Lcoa o) 1000 to 4000, with the more 5. Using a spectral synthesis code to characterise

active starburst galaxies showing approximately a factor of threethe |ISM physical conditions

higher range ofLiciij/Lcog o) than the more quiescent galax- ] ] )

ies (Stacey et al. 1991, 2010; Hailey-Dunsheath et al. 2010). THee strategy of this study is to rst generate model grids that
more active dusty star forming environments possess widespré4lli help us explore how the properties of the CO-dark gas
PDRs exposed to intense FUV and theiij/Lcoq o) depends on €volve as a function of local galaxy properties, suctZasy,

the strength of the UV eld and the shielding of the CO molecul@ndGo, and t_hen to determine how observational parameters can
against photodissociation due te knd dust (e.g. Stacey et albe used to pin down the mass of the CO-dark gas. We show how
1991, 2010; Wol re et al. 2010; Accurso et al. 2017a). Liciii/Leo o) can constraimy from the models and then the

It has already been shown that i) is somewhat enhancedLicii/Ltir can narrow down the values of; andGo to nally
relative toLgr and more remarkably so relative tao in a guantify the total mass of Hand hence, the mass of ithat is
few cases of star-forming low-metallicity galaxies compare@pt traced by CO, the CO-dark gas.
to more metal-rich galaxies (Stacey et al. 1991; Poglitsch et al.

1995; Israel et al. 1996; Madden et al. 1997, 2011; Hunter etgl1, Model parameters and variations with cloud depth

2001; Madden & Cormier 2019). In recent, larger studies, o ) )

Cormier et al. (2015, 2019) carried out detailed modelling d¥e begin with the grids of Cormier et al. (2015, 2019), who use
ties to those of more metal-rich galaxies attributing the enhanc&jL 7). which simultaneously computes the chemical and ther-
Liciij/Lrir to the synergy of their decreased dust abundan@gl structure of Hi regions physically adjacent to PDRs. Thel
and active star formation. The consequence is a high ionisatfntral source of the spherical geometry of the Cloudy model is
parameter along with low densities resulting in a thick cloud af@e radiation extracted from Starburst99 (Leitherer et al. 2010)
considerable geometric dilution of the UV radiation eld. ThdOr @ continuous starburst of 7Myr and a total luminosity of
e ect over full galaxy scales is a low average ambient radiatidf’ - The grids were computed by varying the initial density
eld (Go) and relatively normal PDR gas densities (often of trél the illuminated face of the Hiregion,n, and the distance
order of 18 to 10" cm 3), with relatively large C layers. This from the source to t'he_edge of the |IIum|n§1tedl h1eg|on., the
scenario is also coherent with the:jij/Lcoq o) observed in the inner radiusyi,. The ionisation parameteUQ is deduced in the
low-metallicity galaxies. model based on the input ionising sourgg, andny. The mod-

As can be seen in Fig. 2, star-forming dwarf galaxies c&#s are calculated for ve metallicity bin& = 0:05, 0.1, 0.25,
reachLicii/Lcoq o) ratios an order of magnitude higher or mor®-5, and 1.& %, andny ranging from 10 to 1tcm 2. Theri,
(sometimes reaching 80000) than their more metal-rich coi@lues range from logg cm)=20.0 to 21.3 in steps of 0.3 dex,
terparts on galaxy-wide scales. While COQ) has been dif- Which for the various models covers a rangéof 1 to 10°%and
cult to detect in star-forming low-metallicity galaxies, thusGo 17 to 11481 in terms of the Habing radiation eld.
shifting these galaxies well oof the Schmidt—Kennicutt rela- A density pro le that is roughly constant in the IHregion
tion (e.g. Cormier etal. 2014), [ii], on the other hand, hasand increases linearly with the total hydrogen column density
been shown to be an excellent star formation tracer ovex) beyond 18'cm 2 is assumed (Cormier etal. 2019). To
wide range of galactic environments, including the dwarf galagnsure that all models go deep enough into the molecular phase,
ies (e.g. de Looze et al. 2011, 2014; Herrera-Camus et al. 2018gardless of the metallicity, the stopping criterion of the mod-
Such relatively high [di] luminosities in star-forming dwarf €IS is set to a CO column density of'T8cm 2 (Ay 10 mag).
galaxies harbouring little CO (10) may be indicative of a reser-
voir of CO-dark gas, which is one of the motivations for thi§ we assume solar /8 =4:9
study. 12+ log(O/H) = 8.69.

10 4 (Asplund etal. 2009); i.e.
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With this criterion, the optical depth of the CO(Q) line, co, is Finally, the bottom panels demonstrate theet of changing
greater than 1 in all models, which by our de nition means th&, and keepindZ andny xed. The increase o5y from 80 to

all models have transitioned in the molecular ¢ofeor all cal- 1800, for example, shifts the*Hto H° transition to highery
culations, theAy /Ny ratio is computed self-consistently from thevalues (fromA, 0.0015 to 0.02 mag) as well as a highdy
assumed grain-size distribution, grain types, and optical propesiue for the H to H, transition and with € tracing a lower
ties. For a more detailed description of the Cloudy models thatss of H.

generated the grids analysed here, see Appendix A. Ay/Ny is computed from the dust-to-gas ratio, which is

Figure 3 shows the evolution of the accumulated mass, abassumed to be scaled by metallicity in the model for the range
dances, and intensities of the if; [C 1], and CO (1 0) as a of metallicities studied here. For an*Hegion, as long as dust
function of metallicity, density, temperature, afg from the does not signi cantly compete with hydrogen for ionising pho-
H* region into the molecular cloud. As we want to capturens, theNy of the H" region will remain constant. However,
the properties of the Hzone, we have de ned the location ofreducing the metallicity does reduce thg corresponding to the
the hydrogen ionisation front and the ftont in our calcula- Ny in the H region by the same factor as the metallicity, and
tions. As can be seen in the bottom subpanels in Fig. 3, the itvence the ratié\,/Ny. The size (inAy) of the C" zone is roughly
isation front is de ned wheréd exists in the form of Hand H  independent of metallicity (Kaufman et al. 2006), because the
with a ratio of 5@50; the transition between®%and H is simi- abundance of €scales directly with metallicity, while the UV
larly where each species is 50% of the total hydrogen abundarmeacity scales inversely. F@ = 0:1Z the carbon abundance
Our model results are relatively insensitive to the transition deé$-reduced by a factor of ten, but the decrease in dust extinction
initions. The C zone is de ned to be where 95% of the totameans that Cis formed over a path-length ten times longer than
carbon abundance is in the form of @nd 5% in the form of € that for 1.0 .
and likewise the €zone has 95% of the total carbon abundance
in the form of @ (Fig. 3 second and third subpanels).

To understand the ect ofZ, ny, andGg on the zone boun
aries and accumulated mass, we compare thregréit cases in
Fig. 3: Another way to visualise the model grids is shown in Fig. 4
1. Metallicity e ects: Compar& = 1:0Z (top left panel) and With some observables, such asl,HCII], [C1], Lrr, and

Z = 0:1Z (top right panel) for a xedny (103cm 3) and [O1] 63 m. They-axes of this gure show thécijj/Lrir (in

xed Gq (380). percentage) versus IHand H gas mass reservoirs in the" C
2. Density e ects: Comparey = 10% and 1¢ cm 3witha xed and C-emitting regions (de ned above) extracted from Cloudy

Z(0.5Z ) and xed Gq (380) (middle left and right panels). models for metallicities oZ = 0:05, 0.1, and 1.4 (from top
3. Gpe ects: Compar& varying from 80 to 1800 with a xed t0 bottom) and for a range @, andny. The last column shows

Z (0.5Z ) and xed ny (103cm 3) (bottom left and right theLicii/Lnir andLicii/Lioi) behaviour in terms oBo, ny, and

panels). Z. Thetotal H, gas mass from the model is shown in Col. 4 of

Here we provide an example that can be used to interpfé@- 4 for the various metallicity bins. The*@mitting region

these plots: in the case @ = 1:0Z (top left panel), the and some of the Eemitting region, depending af, n, andGy

transition from H to H° occurs atAy 0.015mag and the (Fig. 3), will harbour H sitting outside the CO-emitting region.
transition from H to H, is atAy 0.5mag, while the & We note that the models are scaled ig: of 10°L . These dia-
emitting zone spans the range Af 0.05 to 2mag. The 9rams can be used to bracket gas masses for a gj¢@fLnr
evolution of the accumulated mass of the hydrogen specffl Z bin. To apply these models to observations of a speci ¢

(top left panel, top subpanel) indicates that tHeddnitting 9alaxy, the masses must be scaled by the praper of the

zone includes 90% of the total gas mass in the form of botigalaxy10° L . More Cloudy model details, including applica-

HO and H, while CO is not yet formed at thos®, values. tion of the scaling factor, are described in Appendix A. An exam-

The (-emitting region begins &, 2 mag until CO forms Ple of the application of the model grids to the galaxy 11Zw 40

(in a region containing exclusively i If we then lower the iS demonstrated in Fig. 7 and Sect. 6. A simple conversion of

metallicity to 0.1Z (top right panel), we see that the evoluobserved [Al], [C1], or CO (1 0) to mass of total klor fraction

tion of the C -emitting zone and the Hand H, transitions in Of CO-dark gas is notimmediately straightforward.

terms ofAy are the same as the Z0case; however, thdy,

or cloud depth, scales derently, requiring a larger clouds 2 1. Metallicity effects

depth at 0.Z to reach the samay as the 1.@& cloud. o )
i . .. As the metallicity decreases (from bottom to top panels in
The middle panels show how the cumulativelllC [C1],  Fig 4), the grids of gas mass shift to the right: more of the H
and CO(1 0) intensities scasle when changing only the N is associated with the'Cand C-emitting zones, demonstrating
the ionised zone from £@m ° (middle left panel) to 16cm ° o gyerall larger CO-dark gas reservoirs predicted by the mod-
(middle right panel), while keepinGo andZ xed. Ir(u)thls Case, ¢|sin order to reach the molecular core. The location of both the
inereasing then shifts the transitions from Hto H” and from . front and the formation of CO depend on metallicity, with
H” to H;, to lower values ofAy. For the higher density case, We,oth z0nes forming at highes, with decreasing (Wol re et al.
are quickly out of the i region and into the atomic r€giIMe.2010). The location of the #Hfront as a function of\, depends
Als_o,_ as can be seen from the central rlght-har_1d pa_n’eILsC only weakly on metallicity, scaling asin(Z ®75). This is caused
emitting over much of the izone and before CO is emitted forby the H formation rate scaling linearly wit#, while the UV
the higher density case. dissociation rate of b depends on both the self-shielding of
H, (independent o) and dust extinction (which increases at

4 To apply to specic cases wherdy is not necessarily 10mag @ given depth with increasing). The CO-forming zone scales

requires running the model to dérent cloud depths, as we discuss i®s IN(Z ?) which is due to the decreased abundance of oxy-
Sect. 5.4, where we quantify ty, of the individual DGS galaxies. gen and carbon, which scale directly whThis has the overall

d- 5.2. Hydrogen and carbon phase transitions in the model
grids
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Fig. 3. Evolution of the modelled gas parametetsn,, andNy, as a function of depth’,) for a solar-metallicity cloudtbp lef) and for a cloud
of 0.1Z (top right), with a starting density of £&m 2 andr;, of 10?%” cm, Gy = 380 in terms of the Habing eldTwo central panetse ect of
density variationsléft: n, = 10? cm 3; right: ny = 10* cm 3) for Z = 0:5Z  with G, = 380.Bottom two panels ect ofGy variations [eft: Gy = 80;
right: Go = 1800) for constanZ (0.5Z ) and constanty (10° cm 2). Each panel contains subpanels wittfiom top to bottomcumulative mass
in the ionised, neutral atomic, and molecular phases; normalised cumulative intensity ofithet58 m, [C1] 610 m, and CO(10) lines;
abundance of G C° and CO relative to C; hydrogen density;] as a function of column densityN(;) and Ay; fraction of hydrogen in the
ionised, atomic, and molecular form. The vertical dashed lines indicate the depth of the main phase transitiortd?, #° to H,, CO(1 0)
optical depth of 1. Masses indicated here should be adjusted for individual galaxies, scalifg@salaxy)1®L , as the source luminosity of
the model is 10L (see Appendix A).
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Fig. 4. Grids of Cloudy calculations: mode|ciij/Lyir VS. Hi and H mass reservoirs in the*CC%-emitting regions, total Kimass, andLiciij/Lioj
behaviour (last column) in terms of metallicitiesdf 0:05, 0.1, and 1.@ (from top to bottorpand for a range o&y andny, the initial hydrogen
density. The colour coding in each gure is log/cm 2 which increases from 1.0 (green) to 4.0 (purple). A rang&gfs set by varying log
ris/cm from 21.3 at the top right of the grids (large dots) to 20.0 at the bottom left of the grids (smaller dots)r;J hakees cover a range of log
Gy of 1.25 to 4.06 (Sect. 5). The Cloudy models are run with a source luminosity’df 1@ hus, the output masses should be scaled likewise

(see Appendix A for details). The models are run toMEOYcm 2=17.8 A,

10 mag) for these grids.

e ect of increasing the Hzone. Additionally, our calculations 5.2.2. Distribution of the H® and H, phases
compute density as a function of column density. Decrea&ing

increases the column density needed to obtain the ggnt@lso The rst three columns of Fig. 4 show the consequence of metal-
in Fig. 3), therefore making the density in the Eone higher licity on the partition of the mass between three regions, namely
at lower metallicity. These combined ects increase the massthe“I-P associated with [@i] emission, the H associated with
present in the kizone. [C 1] emission, and the Hassociated with [@ emission. The
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mass of H associated with [@] increases signi cantly with of the hydrogen is in the form of H not necessarily in b} and
decreasing metallicity, as expected. The beginning of tAe Hhe thickness of the respective layers are comparable.

zone starts at the hydrogen ionisation front, which for most of The plots of the fth column in Fig. 4 show the [-to-

our parameter space is dominated by hydrogen opacity becd@4 ratio as a function ol cijjj/Ltir for the range oy and

the dust does not signi cantly compete with the gas for ioni$se. Kaufman et al. (1999) show that this ratio depends strongly
ing photons. Therefore, the column density corresponding to the Gy for low density, especially for the highét case. Then,
hydrogen ionisation front is nearly independenZobut theA, for increasing density the functional form of the ratio changes,
of the ionisation front will decrease with decreasibgpecause becoming more sensitive to density for densities greater than the
of the lowerAy/Ny. The Ay of the K, front increases slightly nc; of [C1l]. For larger densities, the [P emission increases
with decreasing as a result of decreased dust extinction. Ovewith density, while the [G1] stays roughly constant (for a con-
all, these two processes lead to a largé€rzeine and, therefore, stantGy), leading to a lower [@] to [O ] ratio. This explains
increased mass with decreasiigThe size of the blzone, and the trend of this plot with decreasirfj as the increased density
the beginning of the CO-emitting region, follow similar logic. in the PDR, given our density law, leads to models with an ini-
tially low density reaching thec; of [CII], which causes the
predicted emission of [@ to increase relative to [@].

5.2.3. G effects Figure 4 allows us to quantify the amount of gas mass accu-
WhenGg increases (for the same density afjdthe H, and CO mulated until the stopping criterion of the model is reached (i.e.
fronts are pushed out to higher column densities, as expede@ N(CO)=17.8; refer to Sect. 5.1) as a function of impor-
because of the increased dissociation rate. The widtArof tant physical parameters, given the observed FIR spectrum. For
the H, zone therefore shows little variation wi@y. Increasing example, in the metallicity bi@ = 1:0Z , given an observed

Go does have a mild ect on the mass associated with the HLciij/Ltir of 0.5%, the total mass of Hyas ranges from 110°
zone, with increasingo decreasing the mass in the Hone to 3 10°M , depending on the density, while for the lowest
(Fig. 4). This is because increasifg moves the K zone out Mmetallicity bin shownZ = 0:05Z , the quantity of H gas ranges

to a larger column density (Fig. 3). As the density in our modefgom 1 to 3 10'°M for this samelcijij/Lnir value. This shift
increases with increasiny, the physical size of the Hzone to higher mass ranges of;Hjas suggests that the mass of CO-
will shrink. The thinner physical size leads to a smaller intglark H gas can be an important component in ibgalaxies, as
grated mass when compared to a lo@grcalculation. However, already pointed out in previous works (e.g. Papadopoulos et al.
this e ect is small when compared to variations of CO-dark mag802; Wol re et al. 2010).

with Z. Increasing density also slightly decreases theddgjion In summary, from Fig. 4, the observegtij)/Ltir enables us
mass, which is due to slight changes in the location of the P determine a range of plausit® andny for a given metal-
front and the beginning of the CO formation zone. licity. If Gp andny can be determined from other assumptions

or observations (e.g. [{f]/[O] for density) then a tighter con-
straint for the total H gas can be determined (Sect. 5.4), elimi-
nating some of the spreadip andGy. For the lowest metallic-
In addition to the size of each region, the temperatyjeandG, ity cases, the range ofjidetermined bys, andny, is relatively
will dictate whether or not the # H,, and C regions will emit, narrow, and less dependent on variation§gor ny. Thus, even
and therefore, trace the CO-dark gas. Foti[Cthe emission is having only observations of [{[] and Ltr, Fig. 4 may bring a
controlled by the € column density, the for [Cii] emission usefully narrow range of solutions for the totaj fér the lowest
(3 10°cm ° for collisions with H), and the excitation temper-metallicity cases based on the de nition of CO-dark gas adopted
ature (92 K) (Kaufman et al. 1999). We see that a density beléwre and used by Wol re et al. (2010).
the neic in the H region allows for e cient emission of [Gi]
Fig. 3). This is re ected in the fact that, for the lower densit ot ;
Sno%elg shown in Fig. 4, the Hmass and the Hmass traced 5.3. How [C1], [C1], and CO (1 0) can trace My,
by [Cii] are often comparable. For densities beyang, the We extract the [@i], CO (1 0), and [G](1 0) (609 m) lumi-
emission of [Al] is nearly independent aify, and is therefore nosities at the model stopping depth of Id¢(CO)=17.8
controlled by the temperature and column density. Since the déft; 10 mag), inspecting the line luminosities as a function of
sity increases with column density, for almost all models excejky,. In Fig. 5 we show thé.cjij/Mu,, Licij/Mu,, andLco/ My,
the lowest density of 1Q_crﬁ, the density in the blzone even- conversion factors as a function f andGy for the examples
tually exceeds\;; of [Cii], while for the H zone the column of Z = 1:0Z andZ = 0:1Z . Caution must be exercised when
density is lower, leading to lower densities in this region andusing Lco/My, from these gures, because thy, within the
larger region of the parameter space with a density lower th@®-emitting region is very sensitive to the depth at which the
nerit Of [C11]. This explains why Fig. 4 has some spread in th@odels are stopped. If there is reason to trustAhatf 10 mag
mass for di erent densities, while for the Htraced by [AI], is an accurate representation of the CO-emitting zone, then the
the plot is nearly constant for decreasifigexcept for the lowest Lco/My, from this gure would be justi able. It may not be
densities considered in our calculations. Bor 1:0Z , slightly applicable for some loW cases, as discussed in Sect. 5.4.
more spread is seen because the column density needed to reacte highlight the fact that the pro les shift to the right, to
the stopping criterion, and thus the density increase, is smallehi§her H, masses at loweZ. For the higheiZ case, density in
similar e ect occurs for the mass traced bylJGvhich has an.it  particular plays an important role in determining g, conver-
similar to [Cll], thereby causing almost all of the lower metalsion factors for these species. For I@ythe density variations
licity calculations to be independentf. Overall, the reservoir become less sensitive to th,, as noted inth& = 0:1Z case
of My, from which the C emission originates, is systematically(right panel of Fig. 5). For the case bf:ij/My, andLco/My, at
lower than that of the &emitting zone. This eect is caused by lower metallicity, the density contours collapse together (Fig. 5,
the fact that where ©is emitting, most of the hydrogen is in theright panel), as is the case for the i, except for the highesiy
form of H, while in the C -emitting region, a signi cant amount case (i = 10* cm 3; the green dots). In principle, [T should

5.2.4. Density effects
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Fig. 5. Model grids that provide thiii, Licij(1 0) (609 m), andLco — to —My, conversion factors foZ = 1.0Z (left) andZ = 0:1Z (right)

for the particular model using a cloud depth of INgCOYcm 2= 17.8. The colour coding refers to density values ranging frommjggm =1

(green) to 4 (purple)G, increases with increasing symbol size, taking values of 5, 20, 100, 200, and 500. To obtain the total molecular gas mas:
which would include He, an additional factor of 1.36 (Asplund et al. 2009) should also be included for the total mass. We iyg ithéte
CO-emitting region is very sensitive to the depth at which the models are stopped which correspand4.@mag here.

be able to quantifiMy,, independent of density. From the right  Figure 6 shows the model grid results for theiij/Lcoq o)
panel of Fig. 5, we derive bicij/My, conversion factor for the and ratios of [GI], CO (1 0), [CI] 609 m, [OI] 63 m, and
caseoz=0:1Z : [O1] 145 m lines toMy, as a function ofAy for a range of
My, = 10°06 [ o104 1) ™ (10%; 107, 10%, 10 cm §) andGo values ( 20, 500, 800) for

2 o [ '.] ’ o ) ) Z = 0:05Z (left column) andZ = 1:.0Z (right column). We
whereLcjj is in units ofL  andM, is in units ofM . Consider- can also understand the behaviour of these plots while referring
ing the small eects of density ano on thelcij/My, conver- g Fig. 3 and Sects. 5.1 and 5.2.
sion factor fOI’ this pal‘ticulal’ IOVZ‘ (-:ase, Eq (1) determinéﬁHz For examp|e' Whemv 1 mag is reached’ [[l:] formation
from Liciy with a standard deviation of 0.3dex. The:iij/My, s increasing rather linearly while CO increases exponentially
is about two orders of magnitude higher thiagij/Mu,, while  (also evident in Fig. 3), and betwee, 1 and 10mag we
the Lco/Mh, is two orders of magnitude lower. [Cappears to see a rather linear decrease lgéii/Lcoq o) The Liciif/M,
be a useful t.racer to quantlfy tHVde, as also illustrated from and L[Oi]/MHz continue to decrease beyom 1 mag because
hydrOdynamlcal models (eg Glover & Clark 2016,|®r et_ al. the [C“] and [O|] have Stopped em|tt|ng but thMHz con-
2014), and, as we show here at least for Bwases, with little tinyes to increase. The overall trend is therefore the drop in
dependence on. The fact that cjj is much fainter thatciiy ¢ ji;/My, andLioij/M, for greaterAy. Density can have a con-
(Fig. 5) makes it more dicult to use as a reliable tracerby,.  siderable eect on the [d] emission, producing a wide spread
These eects can also be seen from the grids in Fig. 4. of Lioi)/Mu, asAy increases for highe®, environments. For

We continue in the following sections to demonstrate t"&ample, forG, of 8000 andA, 5, there is about 50 to 100
use of_ the observed [IJ to determineMy, fo_r speci c cases times greatet ;oj)/My, for ny = 10* cm 2 compared to the case
and will follow up on [CI] as a tracer oMy, in a subsequent with n,=10'cm 2 for Z = 05 and 1. . Both [OI] lines

publication. behave similarly, with [@] 145 m being generally weaker than
[O1] 63 mby appro>_<imate|y one order of magnitude.
5.4. How to determine Ay and its effect on line emission _ TheLiij/Lcoq o) is a good tracer oAy for all Go andn,
(Spaghetti plots) with the range ofAy becoming narrower for the spreadmf as

Gy increases, as seen in the top panels of Fig. 6. b/ My,
We see from Fig. 2 thatciij/Lcon o) exhibits great vari- begins to turn over, peaking &, of about a few magnitudes,
ation from galaxy to galaxy. When comparing the observeghproximately where the [{] formation has decreased. This is
Liciij/Lcoq o) for low-metallicity galaxies (ranging from3000 why we see arelative attening of tHgcij/Mp, for growingAy.
to 80000), to the modelletciij/Lcou o), Where the stopping  We stop the plots in the gures beyond where CO has formed
criterion isAy 10mag, we see that the models do not reaeind becomes optically thick. Otherwise tii,, will continue
such high observetlcii/Lcoq o) values. This is because wherto accumulate causing tHe-o/My, to turn over and begin to
the models are stoppedA 10 mag, too much CO has alreadylecrease beyond the point afo = 1. Having CO (1 0) obser-
formed for the lowZ cases (Fig. 3), which require the modelsations in addition to the [@] observations brings the best con-
to stop at lowerAy. The higher metallicity molecular clouds,straint on theA, of the cloud and thus a better quanti cation of
exhibiting lowerLciij/Lcoq o) than the dwarf galaxies, could bethe My, .
better described by stoppingAf 10 mag. To explore the sen-  We note that to construct Fig. 6, the models are stopped at
sitivity of the emission as a function of depth, we can use tieg N(CO)=17.8 (a maximumA, 10mag) and the line inten-
observed_ciij/Lcoq o) as a powerful constraint. sities are extracted at the @irent depths into the cloud, that is, at

Al141, page 10 of 21


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038860&pdf_id=5

S. C. Madden et al.: Tracing the total molecular gas in galaxies: [Cll] and the CO-dark gas

di erent cloudAy values. In principle, the emerging line inten-  These steps are illustrated for one galaxy, as an example, in

sities could be dierent depending on the stopping criterion, dugect. 6 and Fig. 7.

to optical depth eects and cloud temperature structure. To quan- Having found the parameter combination(s) that reproduce

ti ed this e ect, we ran grids stopping at several maximAm the relative strength of these key emission lines and the dust

values (e.g. 2, 5, and 10 mag) and extracted line intensities, c@®ntinuum, we can scale the model to the absolute line strength

paring the values we present in Fig. @he e ects on the [@] using the panels above and obtain the mass,oRtrobably the

and [ClIl] line intensities are mostly negligible (variation®0% most useful scaling is based on using theii /My, predictions

throughout the grid). The intensities of the grid stopping at(gurth row of each panel in Fig. 6) because thdi[Gine is

maximum ofAy of 2mag are generally similar to or larger thartrong and it originates throughout the parts of the model where

the line intensities extracted at the cloud deptief 2 mag of the Liciij/Lcoq o) varies strongly. We note that our methodology

a grid stopping at maximurfy, of 10 mag, primarily due to opti- using [Ci] as an observational constraint does not (directly) aid

cal depth eects on the grids run t8y of 10 mag versug\, of in better determining the most applicable models in the range

2mag. The CO (10) can see up to a factor of 2.5 variations (priof interest, that is, those situations where the CO-emitting zone

marily atAy = 2 mag) depending on the stopping criteria and the reached. However, the conversion fromiJ@ne luminosity

extraction of line intensities iAy construction. Our comparisonto molecular gas mass for the applicable models is tighter than

veri cation has assured us that we can move forward with ogr [Cii] (see also Fig. 5). Therefore [jCobservations will be

use of Fig. 6. very useful for getting the best possible measures of the total
Later, when the models are applied to particular observatioqs gas mass once the matching models have been determined

(Sect. 6), the depth of the models, that is, the maximm and compared to observations. Once the tdti, is deter-

will be adapted for the speci ¢ metallicity case to determine th@ined, the di erence between this value and ¥g, determined

range of associated masses in theetent zones. More precisefrom CO (1 0) and theXco conversion factor will quantify the

determination of the stopping criterion will also require SOmgO-dark gas reservoir.

knowledge of the range @, andny (e.g.Lciij/Ljoji in Fig. 4).

Only then can we have the necessary ingredients to obtain the

total Myp,. Thus, determination oAy then gives us the total . .

M,,.The mass of CO-dark His then the dierence between 6- Applying the models: the particular example of

the totalMy, from the models and the AHletermined from the  11Zw40

observed CO (10) using a GalactiXco. Here, we use one galaxy from the DGS, Il Zw 4R, 0:5Z7 ),

to demonstrate how to determine the tok, directly from
5.5. Quanti cation of the total M 14, and CO-dark gas: how to  the observations and the models presented above and thus the
use the models subsequent CO-dark gas mass. The relevant steps are visu-

. alised in Fig. 7, where the grids are run to a maximum depth
We walk through the steps to constrain the tdWl, and the ot A = 10mag. We rst obtain the ducial model results for

CO-dark gas, depending on the availability of observations. We, ';sing the basic set of observational constraintsiJ}qo i,
emphag_lse that to obtain the total molecular gas, including Heg (1 0), andLgg. It is often not possible to have all of these
an additional factor of 1.36 (Asplund et al. 2009) should be takga cers. Therefore, we also explore the derived rangiofor

into account. The best-constrained case is that for whidhl[C |, 7y, 40 when limited observational data are available to con-
[O1], CO(1 0), andLgr observations exist. We also '”UStratestrainAV, n4, andGo. In this way we can get an idea of what

the range of solutions that can be obtained with less obserygiy of accuracy can be obtained with varying availability of
tional constraints. constraints.

Since metallicity plays an important role in the models,
knowledge or assumptions df are necessary. The parameters
that de ne the applicable model af&), ny, and the maximum 6.1. Fiducial model
Ay. We outline the steps to use the models: . .

— First we use thé;[Cll]/LFlR to nd the range OfGO using The Obsel’ved value dI[C||]/LT|R in 1Zw40 is 0.134 0.024
Fig. 4. As can been seen in those gures theiij/Lrir is most (Cormier et al. 2015)_ WhICh translates toGy of around 300
strongly dependent on the radiation eld density and less so B the range of densities considered. Theij/Lmir alone does
density for a giverz. not tightly constrain the density. In this case we also have

— The second step is to further re ne the correspondifje valuable [Q] line. The relatively high value ofciij/Lioj)
model parameters with thigcii/Loj ratio (right-most panels (1.35 0.29) matches the lower density models (lag(= 1.8,
in Fig. 4), or any combination of tracers that would provid&om interpolation; last panel of Fig. 7a).
the density in the [di]-emitting zone of the PDR. For a given ~ We retain the models that match the combinggliij/Ltir
(range of) radiation eld(s) this ratio is sensitive to the gas deand Lciij/Lioi}, that is, the models that cross the yellow inter-
sity. The combination of these two observational ratios generadigction in the right-most panel of Fig. 7a. Figure 7b, extracted
constrains the radiation eld and starting density well. from Fig. 6, shows the behaviour bfciij/Lcou o) as a function

— Finally, the depth of the model() can be found using of Ay for these models in grey. The green line is the model curve
the observed.ciij/Lcog o) in combination with Fig. 6. The top of the best matching model. As can be seen, all models repro-
series of panels shows the predicted line ratio for theedint duce the observebiciij/Lcoa o) (2.33 10°) at anAy value of
combinations o¥, Gy, andny. 5 mag with a small dispersion.

Finally, the top panel of Fig. 7c shows that thgji;/Mn,

5 \We provide the values of these plots in table form at the CDS whdf@y the best matching model depth i9.01 L /M ] but values
the reader can select model valuesZofny, inner radius i,), Go, UP to 0.02 are also compatible. Thgcij of 3.87 1°L of
Ay, and ¢ to obtain predicted,, [Cii], CO (1 0), [Ci], and [OI] I Zw 40 translates to a totdfly, ranging from 1.35.1 1068 M
luminosities. with the best matching model yielding\dy, of 3.2 1B M .
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Fig. 6.“Spaghetti plots™: model results faficiij/Lcoa o) and ratios olco/Mu,, Licip 609 m/My,, andLjoij/My, as a function o\, for a range
of ny (10%; 10%; 10°%; 10 cm 2) andG, values ( 20, 500, 8000) foZ = 0:05Z (left) and 1. (right).

Itis interesting to compare the derived glas mass with that above (Sect. 6.1), where a more complete set of observations
determined usind.co and a standard (Milky WayXco conver- ([CII], Ltr, [O1], and CO (1 0)) was available.
sion factof. The standard conversion factor yields a value of — case (a): Using [@], Ltir, and CO (1 0). The observed
7.1 10°M which is only a few percent of the actual tota H ratio of Liciip/LTir for this galaxy (Fig. 7) indicates combina-
gas mass determined from these models. We already know tiais of logfy) and logGo), from (1;2.2) through (2.5;2.8) to
asZ decreases{co increases and calibrations f&go based on (4.0;3.3). For these modelgy, values between 3.5 and 6 mag
metallicity vary wildly in the literature (e.g. Bolatto et al. 2013)reproduce.ciij/Lcoq o) Within its uncertainty. The best model,
Thus, comparing with a GalactXco really gives a lower limit i.e. the closest predictions to the observed values, has, af
on what is expected. In any case, even for the moderatelZlow.5 mag and contains3d 108 M of H,. The H gas mass in

of 0.5Z , the CO-dark molecular gas will be important. the models that satisfactorily reproduces the observations ranges
from 0.6 to 5.1 10®M . Comparing with the range we nd
6.2. Estimating My, with fewer observational constraints for the ducial model (1.35.1 1M ), we can see that the

_ _ allowed range is signi cantly larger: the upper value is the same,
Following the full example for [I Zw 40 above, we consider: casgut now allows a lower end of the range. In the particular case
(a) when using [di], CO (1 0), andLrr (no [Ol] line observed of 11 Zw 40 the higher density models that contain l&4g, gas
or no other density indicator) and case (b) where onliJ@nd hefore reaching the observegcii/Lcou o) values cannot be
Lnir are available (CO (10) and [Ol] are not available). In each excluded and the range is therefore expanded to lower values.
case, we compare to thd,, derived from our ducial model — case (b): Using [@] and L1z as the only available obser-

5 In this study, for the standardeo conversion we use avational constraints; CO (1) has not been observed or with
5o INFRY . limited sensitivity and [Q] or another density tracer has not
factor of 2 10°°cm 2(Kkms ') ! in terms of Xco (Ico/ Nu,); . . N
3.2M pc2(Kkms ) ! in terms of co (Ico/ My,). While co is been observed.. This means that we cannot exclude norr_nal
normally 4.3M pc 2(Kkms ) %, including helium, here we do not Liciii/Lcoq o) ratios and high optical depth. Without a constraint
include the helium mass (factor of 1.36) when comparing to the mod¥) theAy, these models can only be used to infer an upper limit
output of My, . on theMy, in the PDR by integrating the model untigo' 1.
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Fig. 7. Application of our model to the particular case of Il Zw 4anels ashow how the observedciij/Ltir andLciij/Lioj) line ratios allow us
to constraimy andGo. Panel bshows how théciij/Lcoq o) ratio evolves in Il Zw 40 as a function @, given the parameters previously derived
from panel a The green line indicates the best matching moBahels cshow the corresponding factors to convegiij, Licij, andLco to My,
(see Sect. 6).

The same combinations of; andGg as for case yield upper model-predicted M(H2)wiar reservoir and the observed

limits on H, gas masses of 0.7 to 131 M . Removing the M(H.)co:

CO-bright H gas from these models by using the predicted

Lco with a Galactic conversion factor yields upper limits on thi#1(Ho)gark = M(Ho)otar  M(H2)co: 2

dark H, gas mass of 0.5 to 1110° M . Thus the derived upper

limit of 13 108 M s signi cantly above the value we derive  We noteny values in the range #8 10°cm 3 andGg val-

(32 1.9 10°M ) using the full set of constraints. Whethegies of 16 10°, which are determined from the Cormier et al.

such an upper limit is useful will depend on the speci ¢ scienqg019) model solutions for the DGS galaxies, for metallicities

question one is trying to address. ranging from near solar to1=50Z 7. We then extract the total
Mu, for each galaxy from the corresponding model grids, apply-
ing the steps described above, to quantify the tdal con-

7. Quanti cation of the total My, and CO-dark gas sistent with the modgl solutions and cons_equently qlerive the

in the Dwarf Galaxy Survey (;O-dark gas reservoir for each galaxy. Various gqlacnc proper-

ties, observed and modelled parameters, and their relationships

To quantify the CO-dark gas of the DGS galaxies, we determifgth the total H mass and CO-dark gas reservoirs are inspected

the predicted totaMy, for each DGS galaxy from the models(Figs. 8-10).

(M(H2)tota)). We then compare this predicted totMy, to

the mass of the CO-bright 41 M(Hz)co, using the observed 7 \metallicity values for the DGS galaxies are from Madden et al.

Lco and GalacticXco. The mass of the CO-dark gas compoR013) which uses the strong line metallcity calibration from

nent, M(Hz)garkk, Would then be the dierence between thePilyugin & Thuan (2005).
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7.1. Trends of M(H3)tas @nd CO-dark gas with model CO-dark gas mass fraction does climb steeply aZ tthecreases,
parameters even for moderately loviZ galaxies.
L . . We see a weak trend of increasing fraction of CO-dark gas
We notice right away (Fig. 8) that for DGS galaxi®d(H2)otal N : :
is always much larger than that determined using CO on[r}}rass as the observégtii/Lrir increases (Fig. 9, panel d). For

X X - e relatively narrow range dficiij/Ltir there is a wide range
M(Hz)co. The increasindVl(Hz)wta/M(Hz)co signals the eect ¢ CO—darkygas fraction.g The fraction of CO-dark gas w%ich
of the CO-dark gas reservoir becoming an increasingly imp X

X . . Yovers almost two orders of magnitude, does not show a trend
tant component of the totéfly,, particularly in lowZ environ- g .

ments, which has been noted in the literature (e.g. Poglitsch eé\%'h the approximately one order of magnitude range of surface

1995; Israel et al, 1996; Madden et al. 1997; Wol re et al, 2018- > of SFR (srr) in our galaxy sample (Fig. 9, panel e).
. - i his is consistent with the ect of increasind ciij/Ltir (larger
Fahrion et al. 2017; Nordon & Sternberg 2016; Accurso etzﬁl : : : ; :
X ) : ction of CO dark gas) being correlated with the increasing

2017b; Jameson et al. 2018; Lebouteiller et al. 2019). The tofal - (Fig. 9, panel d) and less so with directagts ofL
mass of H can range from 5 to a few hundred times theddter- ' V75" TIR:
mined from the CO-emitting phase. The CO-dark gas dominates
the total H reservoir in these galaxies. We are clearly missing3. Consequences of the CO-dark gas fraction on the
the bulk of the H by observing only CO. What is controlling the ~ Schmidt—Kennicutt relation and the Xco conversion
fraction of CO-dark gas? factor

The Gy and density determined from the models do n
seem to play an obvious role in driving the CO-dark gas fra
tion as shown in Fig. 8 panels a and b. Panel ¢ shows the ti
anti-correlation ofM(H2)iota/ M(H2)co with Ay, and, as shown

Vhat is the consequence of the presence of this reservoir of
-dark B on grr and the surface density of gasgfy in
alaxies, as described in the relationships of Kennicutt (1998)

in panel d,A, anti-correlates withLiii/L . underscor- and Bigiel_ et al. (2008)? I_n_panel a of Fig. 10, we determine
ingpthe role \(/)fAv in regulating the ¢ —C?:((l)O)phase transi. (€ m,, within the CO-emitting region (black squares) and nd

. 2 .. . .
tion in the PDR (e.g. Wol re et al. 2010; Nordon & Sternber heir positions to be well o of the w,,  srr relationships,

. ound by Cormier et al. (2014), which may be suggestive of
2016; Jameson etal. 2018). The extreme range of Obsermﬁ{:h higher se for their My, Once we take into account the

Igg:dgg'ﬁgélo?tlﬁ eli(;vgvrgf;ﬁlllgc\fyagzlrggee;fﬁzg\in Fig.2isa COMotal My, determined from [dI] and the modelling, which now
' includes the CO-dark,, as well as the CO-brightly, (Fig. 10,
panel a; red dots), we see the locations of the galaxies shift to the
7.2. Trends of M(H;)ta; @nd CO-dark gas with observables right, lying between both Mn, SFR relationships. The CO-dark
as is an important component to take into account in under-
inding the star formation activity in dwarf galaxies. While the
a are limited, we nd that taking into account ttegal My,
star-forming dwarf galaxies do show a similar relation to that
shown by the star-forming disc galaxies. Therefore, they are not
necessarily more ecient in forming stars.
It has been shown from simulations (e.g. Glover & Clark
_an 314 . 1:00. 2012a; Krumholz et al. 2011) that star formation can proceed
M(H2)ora™M(Hz)co = 10 [Lcin=tcou o™ ) Without a CO prerequisite, as well as withous.F he relation-

The standard deviation of this t is 0.25dex. It follows fromshiP observed betweenknd star formation can be due to the

Egs. (2) and (3) that the ratio of the mass of CO-dark gas loud conditions providing the ability to shield themselves from
CO-.bright gas is therefore: the UV radiation eld, thereby allowing them to cool and form

stars. In this process of shielding, at leastfbfmation can also
M(H2)darM(H2)co = 10 3 [Licip=Lcoq o]¥®° 1:0: (4) proceed, as well as CO in well-shielded environments. The con-
ditions required to reach the necessary low gas temperatures set
We nd a very tight correlation betweelycii and total 1 the stage for ecient C' cooling. CO may accompany star for-
gas mass (Fig. 9, panel b). The obseru@gji] can thus convert mation but does not have a causalityeet. Thus it may not

What relationships exist between the observed quantities or m,
sured galaxy properties and the tod},, and the quantity of da
CO-dark gas? In Fig. 9 (panel a) we see that the obsery
Liciif/Lcoq oy is an excellent tracer of the CO-dalvk, fraction.
We tthis correlation to convert from observegciij/Lcoq o) to
the M(H2)tota/ M (H2)co:

directly tototal My,: come as a surprise to see star-forming dwarf galaxies that har-
bour a dearth of CO showing a similar relationship as that of

M(H2)iora = 10722 [Liciig]®; (5) the more metal-rich disc galaxies seen in the Schmidt—Kennicutt
relationship.

with a standard deviation of 0.14 dex. Thé& [Dminosity alone With our determination of total fHwe can now give an ana-

can pin down the tota¥ly;,, making the [di] 158 m avaluable lytic expression to convert from observed CO to a télal, con-
tracer to quantify the molecular gas mass in galaxies. Our mosion factor, co, and its relationship witiZ. Here, again, the
elling results nd about a factor of three greater mass of total Hotal My, now includes the CO-dark gas plus the CO-bright H
associated withcjij, and hence a larger reservoir of CO-darknass. We nd from Fig. 10 (panel b):

gas mass, than that determined empirically from Zanella et al.

(2018). These latter authors determine kg from an assumed o = 10°%8  [z=Z | 3%; (6)
CO-to-My, conversion factor which is lower then that found in

this study. We nd a trend of the CO-daiy, fraction growing with a standard deviation of 0.32dex. We nd a steeply rising
as the metallicity decreases (Fig. 9, panel c). co as the metallicity decreases. For exampleZat 0:2Z ,

Our study of the lowest metallicity objects, however, is lim- co is about two orders of magnitude greater than that for the
ited by the lack of robust CO detections in these extreme en@alaxy. A strong dependence of the CO-tg-dénversion factor
ronments, thus limiting our knowledge of the behaviourZof on metallicity is not unexpected. As the survival of molecules
with the CO-dark gas mass or totdly, at the lowesZ end. The depends on how unsuccessful UV photons are in penetrating
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Fig. 8. Results from applying the models to the DGS sample and trends with model parameters. The vertical pael$na—cis
M(H2)wota/ M(H2)co (the ratio of the totaMy, determined from the model and the CO-brigh, determined from CO observations and the
Galactic conversion factor) versus, on the horizontal axisGp, (b) density, and ) Ay. d: observedLciij/Lcoa o) VS. modelAy. Spearman
correlation coe cients () and p-values in parenthesis are indicated within each panel. Red points are solutions for the DGS galaxies with CO
detections. Open symbols are upper limits due to CO non-detections. The masses determined by the model for the individual galaxies have b
scaled by their propdrrr.

molecular clouds and photodissociating the molecules, extirf2011) relationship with CO-tddy, conversion factor, which
tion plays an important role in this process. Therefore, the lowierdetermined from hydrodynamical simulations. A shallower
dust abundance comes into play in the low-metallicity cases.diope is found for star-forming low-metallicity galaxies from
panel b of Fig. 10 we show a comparison of our derived metalli&morin et al. (2016) who derive a metallicity-dependero
ity dependence of o with others in the literature. Schruba et alconsidering the empirical correlations of SFR, CO depletion
(2012) determined co from the observed SFR scaled by théimescale, and metallicity. Otheio Z scaling functions, such
observedLco and a constant depletion time. This approads those of Arimoto et al. (1996) and Wol re et al. (2010), fall
assumes that the eciency of conversion of Hinto stars is con- near that of Amorin et al. (2016).
stant within di erent environments. Our determination afo By studying how the molecular gas depletion times vary with
is relatively comparable to that of Schruba et al. (281glyen redshift and their relation to the star-forming main sequence,
the spread of the observations, low number statistics, as well@snzel et al. (2015) determined a scaling @fp taking into
possible uncertainties in metallicity calibrations. Th& from account CO and dust-based observations (Fig. 10, panel b).
our study seems to climb even more steeply toward lo#er While this conversion factor is shallower than the one we
However, the lower end of the metallicity space, where mostiyd from our study of local lowZ dwarf galaxies, these lat-
only upper limits in CO (10) observations exist, is not pinneder authors note that their study, which is based on massive
down robustly. It is well shifted up from the Glover & Mac Lowstar-forming galaxies, is probably not reliable fdx 0.5Z .
Accurso et al. (2017b) determine a comparable scalingcef

8 \While di erent relations have been shown for elient categories of With Z to that of Genzel etal. (2015) using similar surveys,

galaxies in Schruba et al. (2012), here we use the relation given for Rt inC'Ude a Sgcond-order _depepdence on distance from the
of the galaxies in that study. star-forming main sequence in theigo. Accurso et al. (2017b)
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Fig. 9. Results for the DGS sample and trends with observable parameters. The verticalgatglsfa, ¢, dande is M(H5)ota/M(H2)co (total

My, determined from the model over thé,, determined from CO observations and the Galactic conversion factor). The horizontal axes of these
same panels are as followa: Liciij/Lcoa o) With colour code forZ. The correlation shown in the dashed line is described in the panel in the
equation forM(H)wta/M(H2)co as a function of the observedciij/Lco o), Standard deviation is 0.25 delx. total My, determined from the
models vs. the observeg ;. Our resulting relationship dfl, as a function ot cjj; is given within the panel; standard deviation is 0.14 dex.
M(H2)iota/ M(H2)co Vs. Z; d: M(H2)iota! M(H2)co VvS. observed ciij/Ltir. € M(H2)wow/M(H2)co VS.  skr Where SFR is determined from total IR
luminosity from Rémy-Ruyer et al. (2015). Spearman correlation cents () and p-values in parenthesis are indicated within each panel. Red
points are DGS galaxies with CO detections. Open symbols in all panels are upper limits due to CO non-detections.
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caution against using this relation bel@v 0.1Z , where it has requires observations of other ionised gas tracers, such as the
not been calibrated. Bolatto et al. (2013) take a thorough lookmmonly used FIR [NI] lines, for example. Such studies often
at numerous observations and theory andedént metallicity conclude that most of the [if] emission in galaxies arises from
regimes and proposeZzadependent co which is similar to that PDR regions, with a decreasing fraction of the totallj@mis-
of Genzel et al. (2015) for near-solargalaxies, but curves to sion arising from the ionised gas with decreasing metallicity
steeper o for lower Z cases, while Tacconi et al. (2018) pro{Kaufman et al. 2006; Croxall et al. 2017; Jameson et al. 2018;
pose a compromise between those of Bolatto et al. (2013) aokrmier et al. 2019; Herrera-Camus et al. 2016; Accurso et al.
Genzel et al. (2015); see Fig. 10, panel b. 2017a; Sutter et al. 2019). Also, in our study we have not taken
As soon as the ISM of the galaxy is more metal-poor, givento account any contributing molecular gas reservoirs originat-
the observed CO, which even for moderately metal-poor galarg in the WNM or CNM atomic phases. The atomic gas com-
ies is di cult to obtain, the conversion factor from CO-te-H ponent in our Galaxy has been proposed to harbour almost 50%
quickly grows. Even at 20% , the CO conversion factor is of dark molecular gas dfly, (e.g. Kalberla et al. 2020). We do
already 1000 times that of our Galaxy. The true reservoMgf extract the H mass from the models, but with the observations
may have been severely underestimated so far aZlemd these of our global studies we cannot yet explore this component. Most
new relations can quantify that. of the Hi in the dwarf galaxies arises throughout the galaxies and
often from a very extended component — extending well beyond
the [ClI] emission. We do not resolve thelldssociated with the
PDRs and therefore cannot address this point.

While [C||] emission can be a convenient tool to quantify a — Metallicity calibrations: A word of caution related to
reservoir of molecular gas that is not traced by COQ)l, there Metallicity determination is necessary when applying these scal-
are some caveats and limitations to this study. ing relations. Metallicity calibrations are well known to @i
— Lower metallicity bound: We emphasise that the relatiofe.g. Kewley & Ellison 2008) and where absolute calibrations
ships used to determine total gas mass presented here have @nfgr signi cantly, this should be taken into account when look-
been studied for the star-forming dwarf galaxies of the DGS withg Into detailed application of the models.
metallicities as low as 1=50Z . The models have been applied ~While this study points to the usefulness ofi[{Cas a tracer
for the low-metallicity galaxies for which CO is observed an@f the molecular gas in loi- galaxies, enlarging the galactic
this has limited the derivedco and Licii-to-My, conversion parameter space will be needed to apply these ndings in a more
factor only to metallicities as low a& 0.2Z , even though general sense to a wide variety of galaxies, especially galaxies
[Cii] has been detected in DGS galaxies below this metallicitynore massive than the dwarf galaxies in this study. Here, we
— Limited range of model parameters: The models have bé@ﬂy focus on galaxies of the local universe. However, this is
applied over a range af; = 10 to 1& cm 2 and over a range of already a potential step forward in the possibility of estimating
inner radii corresponding to 10§y 1 to 4. These results needthe gas mass from highgalaxies using ALMA to access the
to be studied over broader ranges of galactic properties to[6dl] 158 minthe cases where CO () may be faint, perhaps
applied with con dence beyond this study. For example, fainfue to lower metallicity.
low-metallicity, more quiescent dwarf galaxies can also harbour
star formation rates lower than those found for the Schmidt—
Kennicgtt relation (e.g. Roychowdhury et al. 2009; Cigan et &j. Summary and conclusions
2016), in contrast to the DGS sample (Fig. 10, panel a). Some
of these more quiescent dwarf galaxies are at the lowest mefdhs study is motivated by the extremgciij/Lcoa o) values
licity range explored here and do not have CO detections, lmlitserved for low-metallicity galaxies, almost reaching d@
may also be harbouring some CO-dark molecular gas. Likewig#ggbal scales, which can be up to an order of magnitude higher
more massive, CO-rich galaxies have yet to be tested with ttign dustier star-forming galaxies. The brightiC158 m
model. lines observed in low-metallicity galaxies have been challenging
— Galactic size scales: These conclusions have been drawtmreconcile with the faint or undetectable CO (@ in light of
unresolved galaxy scales. The reliability ofij{to traceMy, on  their star formation activity. We have investigated theets of
resolved scales using these models has not been tested. A similatallicity, gas density, and radiation eld on the total molecu-
approach was carried out at 10 pc resolution in the 30Doradas gas reservoir in galaxies and quanti ed the mass phit
region of the low-metallicity LMCZ = 0:5Z ), where>75% traced by CO(10), that is, the CO-dark molecular gas that
of the H, was CO-dark and traced by |G (Chevance et al. can be traced by [€]. We inspected Cloudy grids traversing
2020). Considering that the g emission is expected to bethese physical parameters in order to understand the behaviour
more extended than the CO(Q) (e.g. Jameson et al. 2018pf observed quantities, such asifQ[C i], CO (1 0), [Cii], and
Chevance et al. 2020), our simple scheme using Cloudy and repr in terms of My, as a function ofA,, metallicity andny.
resenting galaxies with a singlelHregion+ molecular cloud in In principle, [CI] can be an important tracer of the CO-dark
one dimension does not account for realistic geometry and faplecular gas, and this will be further investigated in a follow-
the physical mixing of dierent physical components and thusp study. However, due to its higher luminosity, I[Cis an
mixing Go andny conditions. ideal tracer of the molecular gas. We give recipes on how to use
— The origin of [Cii] emission in galaxies: We note thatthese models to go from observations to tdil,. We apply
[ClI] can arise from other components in galaxies, not ontiie models to thederschelDGS, extracting the totaMy, for
from neutral PDRs. For example [ can originate in the low- each galaxy. The CO-daMy, is then determined from the dif-
density ionised gas component in galaxies that is excited fgyence between the totdy, and the CO-bright kitraced by
electrons. In principle, to use [ to quantify theMy,, it is the observed CO (10). Our ndings indicate that CO (10) in
necessary to rst determine whether or not there is “contamintee dwarf galaxies traces only a small fraction of thg iflany,
tion” of the [Cii] emission arising from the ionised gas whictwhile the totalMy, is dominated by the CO-dark gas which can
should rst be removed before application of the model. Thise uncovered by [@] observations.

8. Possible caveats and limitations
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Fig. 10. Consequences of quantifying the total éf the DGS samplea: Schmidt—Kennicutt relationship and Bigiel et al. (2008) revisited. Solid
black squares are the values when g is calculated from the CO-to-+standard conversion factor; solid red dots are the tojalédermined
from our self-consistent models. The dashed line is the usual Schmidt—Kennicutt relation, whe&rstlawerming dwarf galaxies are normally
outliers when CO is used to determine the (€ormier et al. 2014). The dotted line is the Bigiel et al. (2008) relationship determined for the
sFR  gas relationship.b:  ¢o as a function oZ from Schruba et al. (2012; black dotted line), Glover & Mac Low (2011; long black dashed
line), Accurso et al. (2017a; blue dashed line), Amorin et al. (2016; green dashed line), Genzel et al. (2015; short black dashed line), Tacconi et
(2018; orange dashed line), Bolatto et al. (2013; pink dashed line), and ourgae relationship determined from this paper (red dashed line).
Red solid dots are the total,Hletermined from our self-consistent models in this paper. Also given in the panel is the derived expression to
determine o as a function o from this new relationship, which has a standard deviation of 0.32a&o conversion factor from this paper
and sgr. Spearman correlation coeients () and p-values in parenthesis are indicated within each panel. Red dots are DGS galaxies with CO
detections. Open symbols in all panels are upper limits due to CO non-detections.

We have determined dciij-to-My, conversion factor: 2. The e ective Ay from our models is anticorrelated with
M(H2)totar = 10712 [Liciif]®®” with a standard deviation of Liciij/Lco o) and hence the CO-dark gas fraction. There-
0.14dex. Following from this, we give a new CO{ib;, fore, the consequence of theextive low Ay overall in low-
conversion factor that takes into account the tdtk], —both metallicity galaxies is the extremiciij/Lcoa o) Observed in
the CO-dark and CO-bright gas— given by application of thetar-forming dwarf galaxies.
models: 3. The SFRny, andGg do not individually control the CO-

dark gas mass fraction.
co=10P%8 [z=Z ] 33 with a standard deviation of 0.32dex. 4. The CO-dark gas accounts for mos7(0%) of the total
H, over the wide range of galaxy properties of tHerschel

Comparisons with the fraction of CO-dark gas in the lowDGS. This study consists of galaxies withij/Ltir ranging
metallicity galaxies and their galactic properties reveal the fdietween 0.1 and 0.5%, metallicity values fro.02 to 0.&Z ,
lowing ndings: Liciif/Lcoq o) values corresponding to two orders of magnitude

1. The fraction of CO-dark gas is correlated witlof My, and over three orders of magnitudelgfigr and stellar
Liciif/Lco 0. There is a tight correlation between thenass.

[ClI] 158 m and the totaMy, over the range of low-metallicity 5. Our new CO (10)-to-My, conversion factor as a func-
galaxies of the DGS. tion of metallicity, which also accounts for the CO-davk,,, is
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Appendix A: Cloudy model details to the power of 1.3, characterising the prominent drop in PAH

. - . ._..abundance at lower metallicity (e.g. Rémy-Ruyer et al. 2014,
For this study we use Cloudy models similar to those ongmau%ls)_ Tests performed in Cor)r/ni(er%t al. (2)(/)19)?/inspecting the

from Cormie( etal. (2019, 20.15) for which we have ad.c’p.teds%nsitivity of the PAH abundance, concluded that the PAH abun-
closed spherical geometry with an internal and isotropic ioni

. . oo dance is not an important factor in the outcome of the model
ing source surrounded by a 4teradian layer of H region, and b

a neutral PDR layer surrounding the ionised layer. The sou{ﬁéeu;tjsygggﬁléz(a ngeHggﬁwnggﬁggance 's always larger than the

lonises the inner edge of the cloud and the radiation is propa- In Cloudy itis possible to choose a constant density through-
gated through the H region self-consistently making the tran- y P ty 9
ut the cloud or to assume that the total pressure is constant.

sition into the PDR. The evolution of mass components is Cigrmier etal. (2019) looked into dérent approaches of the

culated based on integrating the density over the volume of density law for a constant pressure case versus a constant den-
spherical shell at each depth into the cloud. . Y p ;
ly case and have found a compromise of these two extreme

The model central source is a continuous starburst of 7 !::I?

from Starburst99 (Leitherer et al. 2010) for a total source lu ases that works best in predicting the observations for the DGS

nosity of 10 L . Cloudy allows the choice of calculations ipSources. An intermediate case for the assumed density pro le is

luminosity or in intensity. We selected the luminosity case f(ﬁogggucte_t?] \{thécrr: 'grgogrsltigf 'r?]:]hgg:rse.?'o.ﬂ ‘3?:' Agcrtfglsezs
the SED brightness, where the photon luminosity of the ceE] y wi ydrog u 1y u gas.

tral source impacts the cloud beginning at the inner edge of thae di €rent cases of constant density, constant pressure and
ionised region (at the start of theiHregion), r,, which, for smoothly-increasing density law were tested in Cormier et al.

these models is varied from lag(cm)= 20.0 to 21.3, in Steps (2019) where, for example, the constant density models predict

of 0.3 dex. The initial hydrogen density) at the illuminated less [O] emission and the constant pressure models pre-

edge of the cloud is varied from 10 to“@n 3. While the ini- d.'tCt lmored [Olt] dem'ﬁ.s'?]n tha? thz tsmoothly |fn(|:|regsmg.t;jert1r-]
tial ionisation parametet/), can be an input command only in>!Y 1aw adopted, which was tound to successiully describe the

the intensity case, for our luminosity case, we chose tece observations.

tively have a range o) in the luminosity case, by varying, A full galaxy has numerous stellar clusters andi Fegions
as an input parameter, which in turn variéswhich is deduced @nd ensembles of PDRolecular clouds. To go from a model
within Cloudy for each model: single cluster-plus-cloud system to a representation of a full

galaxy with numerous cluster-plus-cloud systems, we create a
“unit model” with total source luminosity 10°L . The unit
model of 18 L chosen here is arbitrary but serves as a represen-
tative order of magnitude of luminosity of the observed galaxies.
whereQ(H) is the number of hydrogen-ionising photons emitte@ihus all of the line luminosities predicted by the model corre-
by the central source, amds the speed of light. The intensity ofspond to a model for which = 10° L . The output masses are
the FUV radiation at the PDR fron,, deduced in our Cloudy also determined for a model with sourice 10°L . Since mass
models, ranges from17 to 11481 in units of the Habing radia-scales with luminosity, the masses determined for an individual
tion eld (1.6 10 3ergscm?s 1; Habing 1968). Five metallic- galaxy, havind-ir (galaxy), are scaled byrr (galaxyy10°L .
ity bins were calculated for the mode&= 0:05, 0.1, 0.25, 0.5, This approximation assumes an energy balance between UV-
and 1.z . optical and IR and thatrr scales similarly to the luminosity
The dust and PAH properties used in this model are descrildgdhe hydrogen-ionising energy range (Cormier et al. 2012). We
in Cormier et al. (2019). The opacity curves of the SMC arefer to Cormier et al. (2019) for further details and input param-
used. The abundance of PAHs is further reduced by metallicitter studies of a similar model used for this study.

__QH) .

= , Al
4 r2nyc (A1)
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