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A B S T R A C T 

Star formation models predict that the metal-poor initial mass function (IMF) can be substantially different from that observed 

in the metal-rich Milky Way. This changeover occurs because metal-poor gas clouds cool inefficiently due to their lower 
abundance of metals and dust. Ho we ver, predictions for the metal-poor IMF to date rely on assuming solar-scaled abundances, 
i.e. [X/O] = 0 at all [O/H]. There is now growing evidence that elements such as C and O that dominate metal line cooling 

in the ISM do not follow solar scaling at low metallicities. In this work, we extend models that predict the variation in the 
characteristic (or the peak) IMF mass as a function of metallicity using [C/O] ratios derived from observations of metal-poor 
Galactic stars and of H II regions in dwarf galaxies. These data show [C/O] < 0 at subsolar [O/H], which leads to a substantially 

different metal-poor IMF in the metallicity range where C I and C II cooling dominate ISM thermodynamics, resulting in an 

increase in the characteristic mass by a factor as large as 7. An important consequence of this difference is a shift in the location 

of the transition from a top- to a bottom-heavy IMF upwards by 0.5–1 dex in metallicity. Our findings indicate that the IMF is 
v ery sensitiv e to the assumptions around solar-scaled ISM compositions in metal-poor systems (e.g. dwarf galaxies, the Galactic 
halo, and metal-poor stars) that are a key focus of JWST . 

Key words: stars: formation – stars: luminosity function, mass function – ISM: abundances – ISM: clouds – dust, extinction –
ISM: general. 
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 I N T RO D U C T I O N  

nderstanding the impact of metallicity on the stellar initial mass 
unction (IMF) is of utmost importance for sev eral ke y areas of
alaxy evolution. It is now becoming clear that although the IMF
eems to be invariant in the metal-rich components of the Milky Way
Kroupa 2001 ; Chabrier 2003 ; Bastian, Co v e y & Me yer 2010 ), it
ould have been different in other environments with metallicities 
hat are subsolar (e.g. Komiya et al. 2007 ; Mattsson 2010 ; Suda et al.
011 , 2013 ; Gennaro et al. 2018 ; Rossi, Salvadori & Sk ́ulad ́ottir
021 ; Filion et al. 2022 ) or supersolar (e.g. van Dokkum & Conroy
010 ; Conroy & van Dokkum 2012 ; Mart ́ın-Navarro et al. 2015 ;
mith 2020 ; Gu et al. 2022 ). It is not surprising that the IMF should
e sensitive to the metallicity, since the amount of metals present in
he interstellar medium (ISM) directly sets the thermodynamics of 
he collapsing gas that ultimately forms stars (Omukai 2000 ; Bromm
t al. 2001 ; Omukai et al. 2005 ; Omukai, Hosokawa & Yoshida 2010 ;
 E-mail: sharda@strw .leidenuniv .nl (PS); anish.amarsi@physics.uu.se 
AMA); kathryn.grasha@anu.edu.au (KG) 

e
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hiaki et al. 2015 ; Chon, Omukai & Schneider 2021 ; Sharda &
rumholz 2022 ). 
The number of newly disco v ered metal-poor stars in the Milky
ay and dwarf galaxies has grown exponentially over the past few

ecades (Frebel & Norris 2015 ). From a theoretical perspective, 
everal models and simulations have been developed to investigate 
tar formation in low-metallicity en vironments. However , most of 
hese simulations do not extend down to metallicities low enough 
 [O / H] < −1 . 5) 1 that we expect major variations in the IMF (e.g.

yers et al. 2011 ; Bate 2014 ; Bate & Keto 2015 ; Bate 2019 ). 
Only a handful of simulations exist that self-consistently evolve the 

bundances of different elements in the metal-poor ISM by solving 
or chemistry on the fly with hydrodynamics (e.g. Chiaki, Yoshida &
irano 2016 ; Chon et al. 2021 ; Chiaki & Yoshida 2022 ). While

hese simulations provide a realistic picture of how the abundances 
f C, N, and O ultimately shape the metal-poor IMF, they cannot
isentangle the effects of one element versus another because the 
volution of collapsing gas clouds is highly non-linear. Since these 
 [O / H] = log 10 ( O / H ) − log 10 ( O / H ) �. 
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imulations do not sweep across the possible range of ISM properties
nd exclude protostellar radiation feedback, they cannot quantify the
elative importance of metallicity as compared to physical properties
ike density and pressure for the IMF (e.g. Munshi et al. 2014 ;
an vir , Krumholz & Federrath 2022 ). This is where analytical models
av e pro v ed useful owing to the level of control and range one
an achieve. Sharda & Krumholz ( 2022 ) present an analysis of the
hermodynamic budget in collapsing dusty gas clouds across a wide
ange of metallicities (10 −6 to 3 times solar) to explore variations in
he characteristic mass (or the peak mass, depending on the functional
orm of the IMF; see section 2.2 of Hopkins 2018 ) of the IMF. They
dentify a distinct low-metallicity regime where gaseous metals that
re not bound into molecules are the primary contributors to cooling
n the ISM, and subsequently set the characteristic mass of the IMF.

Ho we ver, Sharda & Krumholz ( 2022 ) assume solar-scaled abun-
ances to calculate metal line cooling in their models. While this is
 reasonable approach to adopt in the first instance, with increasing
bserv ational e vidence it is becoming clear that several key elements
ike C and N do not scale with their solar values at low metallicity (see
he recent re vie w by Romano 2022 ). This is because N production
hanges from primary (not dependent on [O/H]) to secondary (depen-
ent on [O/H]) as the ISM metallicity increases beyond [O/H] > −0.4
e.g. Edmunds & Pagel 1978 ; Papadopoulos 2010 ; Johnson et al.
022 , ho we ver, see Roy et al. 2021 for a somewhat more complex
icture). Similarly, at low [O/H], C is produced as a primary element;
o we ver, its production pathway switches to pseudo -secondary at
igh [O/H] due to enhanced mass loss in the form of stellar winds
e.g. Henry, Edmunds & K ̈oppen 2000 ; Esteban et al. 2014 ; Berg
t al. 2016 ). At the lowest metallicities, the individual stellar C, N,
nd O abundances vary by several orders of magnitude (see fig. 2 of
orris et al. 2013 ). The primary versus secondary production also

mpacts the observed metallicity plateau in the gas phase in local
alaxies at large galactocentric distances (Grasha et al. 2022 ), and
s important for photoionization modelling of H II regions (Nicholls
t al. 2017 ; Grasha et al. 2021 ). 

The consequence of multiple production pathways is that the
C/O] and [N/O] ratios measured in metal-poor stars in the Galaxy
ignificantly deviate from 0 at low metallicities (Gustafsson et al.
999 ; Akerman et al. 2004 ; Israelian et al. 2004 ; Spite et al. 2005 ;
abbian et al. 2009 ; Nissen et al. 2014 ; Amarsi et al. 2019a ; Amarsi,
issen & Sk ́ulad ́ottir 2019c ). Similarly, the [C/O] and [N/O] ratios

n low-metallicity galaxies also deviate from 0 (Garnett et al. 1995 ;
obulnicky & Skillman 1996 ; Liang et al. 2006 ; van Zee & Haynes
006 ; P ́erez-Montero & Contini 2009 ; Berg et al. 2016 , 2019 ;
icholls et al. 2017 ; Roy et al. 2021 ; Arellano-C ́ordova et al. 2022 ).
oth these groups of works also find a scatter as high as 0.5 dex in

C/O] at fixed [O/H]. 
It therefore seems important to take these non-linearities in the

C/O] ratio into account when making predictions for the metal-poor
MF, because C and O are the main metal ISM coolants (Bromm &
oeb 2003 ; Frebel, Johnson & Bromm 2007 ). The vast majority
f available research in this area has focused on understanding
o w a non-uni versal IMF could gi ve rise to the observed trends
n [C/O] at low metallicities, but not the other way around (e.g.
arnett et al. 1995 ; Carigi et al. 2005 ; Carigi & Hernandez 2008 ;
attsson 2010 ; Tsujimoto & Bekki 2011 ; Romano et al. 2019a ,

020 ; Lacchin et al. 2020 ; Palla et al. 2020 ). The few works that
o look at the influence of C and O cooling on the IMF assume
olar -scaled ab undances (e.g. Omukai 2000 ; Chon et al. 2021 , 2022 )
r exclude protostellar radiation feedback (e.g. Schneider et al.
006 ; Chiaki & Yoshida 2022 ). In reality, the IMF and [C/O] ratio
nfluence each other because the IMF sets the yield of C and O from
NRAS 518, 3985–3998 (2023) 
assive and intermediate-mass stars (e.g. Maeder 1992 ; Iwamoto
t al. 2005 ; Kobayashi, Karakas & Lugaro 2020 ), and the ISM C and
 abundance directly sets the cooling rate of collapsing molecular
as that dictates the IMF (e.g. Schneider et al. 2012 ; Chon et al. 2021 ;
harda & Krumholz 2022 ). Additionally, preferential ejection of O

hrough outflows (Mac Low & Ferrara 1999 ; Chisholm, Tremonti &
eitherer 2018 ; Sharda et al. 2021a ) can also alter the [C/O] ratio in

ow-metallicity systems (Yin, Matteucci & Vladilo 2011 ; Berg et al.
019 ; Yamaguchi, Furlanetto & Trapp 2022 ). Thus, it is crucial to
nderstand the dependence of the IMF on the [C/O] ratio in the ISM.
In this work, we extend the calculations of Sharda & Krumholz

 2022 ) by accounting for realistic variations in [C/O] to explore how
on-solar-scaled C and O abundances impact the thermodynamics
f the metal-poor ISM and thence characteristic stellar mass of the
etal-poor IMF. We arrange the rest of the paper as follows: Sec-

ion 2 summarizes the theoretical framework of Sharda & Krumholz
 2022 ), which we also adopt in this work, Section 3 describes the
esulting ISM thermodynamic budget and the IMF when we use a
on-zero [C/O], and Section 4 discusses the impact of varying [C/O]
s found in observations of metal-poor stars and of H II regions in
warf galaxies on the characteristic mass of the IMF. Finally, we
onclude and provide a future outlook in Section 5 . 

 M O D E L  SUMMARY  

he basic premise of the Sharda & Krumholz ( 2022 ) model is that
adiation feedback from an existing protostar plays a key role in
etting the characteristic mass, M ch , of the IMF (Krumholz 2011 ;
uszejnov, Krumholz & Hopkins 2016 ; Krumholz et al. 2016 ).
o explore the implications of this ansatz , the authors consider
 spherically symmetric collapsing dusty gas cloud at a range of
ensities, pressures, and metallicities. At the centre of this cloud is a
rotostar, the radiation feedback from which heats the surrounding
as. Following simulations (e.g. Krumholz, Klein & McKee 2011 ;
ederrath & Klessen 2013 ; Chiaki et al. 2016 ; Sharda, Krumholz &
ederrath 2019 ; Sharda et al. 2021b ) as well as observations (e.g.
aselli & Myers 1995 ; van der Tak et al. 2000 ; Schneider et al.
015 ; Gieser et al. 2021 ), the authors adopt a power law for the
ensity profile of the cloud. With such a profile, the dust temperature
rofile in the presence of radiation feedback is also given by a power
aw (Chakrabarti & McKee 2005 ; Krumholz 2011 ; Chakrabarti
t al. 2013 ). Once the dust temperature is determined, the authors
nclude a variety of thermodynamic processes, such as dust–gas
nergy exchange, cooling due to metal lines, H 2 , HD , cosmic-ray
eating, compressional heating, and H 2 formation heating, to find
he equilibrium gas temperature. Using the gas temperature profile,
he authors then quantify how far away from the existing protostar the
loud becomes Jeans unstable such that it can fragment and collapse
o form a new star instead of accreting onto the existing star. The

ass that is Jeans unstable is then classified as M ch . We refer the
eader to Sharda & Krumholz ( 2022 ) for additional information on
he model. 

Sharda & Krumholz ( 2022 ) parametrize metallicity using the
eneric notation Z that corresponds to the logarithmic abundance
f all metals with respect to solar abundances (Asplund et al. 2009 ).
ince we are interested in studying non-solar -scaled ab undances for
 and O, we fix our metallicity scale to represent the O abundance
 i . e . Z ≡ [O / H] ). We will therefore study how variations in [C / O] as
 function of [O / H] impact M ch . The abundances of neutral C and O
toms per H nucleus in the gas phase for the solar case that we adopt
re x (C, MW) = 1.4 × 10 −4 and x (O, MW) = 3.0 × 10 −4 , following
raine ( 2011 , table 23.1). Our fiducial model uses a solar-scaled
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2 As in Sharda & Krumholz ( 2022 ), we use the maximum possible cooling 
due to HD. 
3 Several authors find that dust already becomes a significant gas coolant at 
[O/H] > −5 (e.g. Schneider et al. 2006 ; Schneider & Omukai 2010 ; Meece, 
Smith & O’Shea 2014 ; Shima & Hosokawa 2021 ; Chiaki & Yoshida 2022 ). 
The key difference between their work and ours is that we include radiation 
feedback that heats the dust around the existing protostar. 
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ust-to-gas ratio δ = δMW 

× 10 [ O / H ] , where δMW 

= 1/162 (Zubko, 
wek & Arendt 2004 ). We also consider an alternative scaling of δ

rom R ́emy-Ruyer et al. ( 2014 ) later. We do not differentiate between
for carbonaceous and silicate grains to calculate the gas–dust energy 
xchange. This distinction is more important for heating due to H 2 

ormation on dust (e.g. Cazaux & Spaans 2009 ) that we do not
nclude in this work. This is because it has a negligible contribution
o gas thermodynamics at the location that sets M ch (see section 4.1
f Sharda & Krumholz 2022 ). We import variations in the chemical
tate of C and O (C II , C I , O I , and CO) as a function of [O / H]
rom Sharda & Krumholz ( 2022 , fig. 1), but we also investigate how
ariations in the chemical state of C and O impact M ch in Section 3.3 .

As in Sharda & Krumholz ( 2022 ), we study a wide variety
f ISM physical conditions by varying the pressure P between 
0 4 k B K cm 

−3 [representing molecular clouds in main-sequence 
tar-forming galaxies (Dame, Hartmann & Thaddeus 2001 ; Welty 
t al. 2016 ; Miville-Desch ̂ enes, Murray & Lee 2017 ; K e wley et al.
019 )] and 10 8 k B K cm 

−3 [representing molecular clouds in starburst 
alaxies (Turner, Beck & Ho 2000 ; Bolatto et al. 2008 ; van Dokkum
t al. 2008 ) or progenitors of superstar clusters and globular clusters
Elme green & Efremo v 1997 ; Bastian et al. 2006 ; Johnson et al.
015 ; Finn et al. 2019 )]. We also ef fecti vely v ary the cloud density
y sweeping across a range of values for the cloud velocity dispersion
v , from 0.5 to 5 km s −1 (Padoan, Nordlund & Jones 1997 ; Myers
t al. 2011 ; Chabrier, Hennebelle & Charlot 2014 ; Kepley et al.
016 ; Sharda et al. 2022 ). Since the density is given by the ratio of P
nd σ 2 

v , models with low σ v correspond to the case of high density,
nd vice-versa. We use density and ef fecti ve velocity dispersion
nterchangeably. Thus, our model grid is three-dimensional (3D), 
weeping across P , σ v , and [O / H] . 

 RESULTS  

.1 Gas thermal balance 

e first discuss how the o v erall cooling budget of the gas at the
ocation in the cloud where M ch is defined changes when we fix
C / O] to a value other than 0, implying a non-solar scaling of C
ith respect to O. We remind the reader that M ch is set where the
as mass around an existing protostar in the cloud is sufficient to
ollapse by itself (i.e. where the enclosed mass equals the Bonnor–
bert mass; see Ebert 1955 ; Bonnor 1957 ). For the purpose of this
emonstration, we consider [C/O] = 0 (fiducial model) and [C/O] 
 −1, and investigate the corners of our grid in P and σ v . As we
ill discuss later in Section 4 , [C/O] = −1 represents the lowest

C/O] observed in dwarf galaxies (Berg et al. 2019 ), and a loose
ower bound of that measured in metal-poor stars after factoring in 
ncertainties (Amarsi et al. 2019c ). 
As in Sharda & Krumholz ( 2022 , equation 31), we quantify

he relative contribution of a process η to gas thermodynamics as 
ollows: 

( η) = 

2 η

| � c | + | � gd | + | � gd | + | � M 

| + | � H 2 | + | � HD | , (1) 

here the � terms represent heating processes: � c − compressional 
eating and � gd − heating due to dust–gas energy exchange, and the 
 terms represent cooling processes: � gd − cooling due to dust–gas 

nergy exchange, � M 

− cooling due to fine structure lines of C and
 (C I , C II , and O I ) as well as cooling due to low- J transitions of CO,
 H 2 − cooling due to lines of H 2 and collisional excitation of H 2 , 

nd � HD − cooling due to lines of HD and collisional excitation of
D. 2 When written in this manner, C ( η) varies from −1 to + 1; it is
ositive if η is a heating process and ne gativ e if η is a cooling process.
dditionally, absolute values of C ( η) close to unity imply that the cor-

esponding process η is important for gas thermodynamics. The sum 

f all heating (cooling) processes is + 1 ( −1). We also ensure that the
uminosity due to all the cooling radiation never exceeds that due to
lackbody cooling for all variations of [C/O] we present in this work.
Fig. 1 shows the results for the low-pressure case P /k B =

0 4 K cm 

−3 with ef fecti v e v elocity dispersion σ v = 0.5 (left-hand
anel) and 5 km s −1 (right-hand panel). We observe cooling due to 
 2 and HD dominates at extremely low metallicities ( [O / H] � −5) 

s expected, and cooling due to dust starts to become significant at
igh metallicities ( [O / H] � −2). 3 We also find that cooling due to C
nd O dominates at intermediate metallicities, as found in Sharda &
rumholz ( 2022 ). 
We can compare the left- and right-hand panels of Fig. 1 to see

he impact of using non-solar-scaled [C/O]. Interestingly, we see that 
hanging the [C/O] ratio has a negligible impact on the gas cooling
udget in the model with σv = 5 km s −1 . This is because the location
f M ch in models with σv = 5 km s −1 is much closer to the existing
rotostar as compared to the models with σv = 0 . 5 km s −1 . Since the
as is denser closer to the protostar, O provides much more cooling as
ompared to C. Ho we ver, changing [C/O] to −1 considerably impacts 
he model with σv = 0 . 5 km s −1 where the location of M ch is farther
way from the protostar. Far away from the protostar, the low-density
as is more efficiently cooled by C than O. Thus, the low amount of
 as compared to O in the latter case leads to an o v erall reduction

n the cooling provided by metals. As a consequence, the transition
here metals start dominating the cooling budget shifts up by more

han a dex in metallicity as compared to the model where [C/O] = 0.
Fig. 2 shows the results in the high-pressure case ( P /k B =

0 8 K cm 

−3 ). In contrast to Fig. 1 , we see that there is no appreciable
eduction in metal cooling when the abundance of C is reduced by
 dex. This is due to O being the primary metal coolant in high-
ressure environments, and the fact that dust anyway controls gas 
hermodynamics at high pressures. Although dust abundance also 
hanges with metallicity, and presumably would change at least 
omewhat in response to changes in [C/O] (see Section 3.4 for a
etailed discussion), at high densities (equi v alently, high P ) the gas
emperature is quite insensitive to the total dust abundance (e.g. 

yers et al. 2011 ; Bate 2019 ). This is because the dust temperature
tself is not altered by the dust abundance as long as there is enough
ust to render the circumstellar environment optically thick (true 
v en at v ery subsolar metallicities due to the high optical/ultraviolet
UV) opacity of dust grains), and because at high densities dust and
as become well-coupled even if the dust abundance is subsolar. 

Overall, we learn that a non-solar-scaled [C/O] only impacts the 
hermodynamics of collapsing dusty molecular clouds at low pres- 
ures and low effective velocity dispersions. In this particular case, 
he transition from an H 2 -dominated cooling to metal-dominated 
ooling occurs at a higher metallicity. The reduced amount of cooling
ue to a ne gativ e [C/O] would lead to higher gas temperatures (since
 2 is a poor gas coolant, e.g. Galli & Palla 1998 ; Omukai et al. 2005 ;
MNRAS 518, 3985–3998 (2023) 
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M

Figure 1. Importance of different cooling processes under thermal balance at the location in the cloud where the characteristic stellar mass of the IMF is defined, 
C( η), as a function of the oxygen abundance, [O/H]. The results are plotted for pressure P /k B = 10 4 K cm 

−3 and ef fecti v e v elocity dispersion σv = 0 . 5 km s −1 

(left-hand panel) and 5 km s −1 (right-hand panel). The solid and dashed curves correspond to models where carbon is solar-scaled ([C/O] = 0) and not solar-scaled 
([C/O] = −1), respectively. The cooling processes we study are cooling due to gas–dust energy exchange ( � gd ), metals like C and O ( � M 

), H 2 ( � H 2 ), and HD 

( � HD ). If C( η) is zero for a process η, it is unimportant for cooling the gas. If C( η) is −1, it dominates gas cooling. Non-solar-scaled [C/O] significantly impacts 
the gas cooling budget for σv = 0 . 5 km s −1 but not for σv = 5 km s −1 . 

Figure 2. Same as Fig. 1 , but for high cloud pressure P /k B = 10 8 K cm 

−3 . Non-solar-scaled [C/O] has a negligible impact on the gas cooling budget at high 
pressure. 
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Figure 3. Top panel: Gas temperature, T gas , at the location that sets the 
characteristic stellar mass as a function of oxygen abundance, [O/H], for a 
fixed cloud pressure P /k B = 10 4 K cm 

−3 at different effectiv e v elocity dis- 
persions, σv = 0 . 5 km s −1 (blue curves) and σv = 5 km s −1 (orange curves). 
The solid and dashed curves correspond to solar-scaled ([C/O] = 0) and non- 
solar-scaled ([C/O] = −1) carbon abundances, respectively. Bottom panel: 
Same as the top panel, but for high cloud pressure P /k B = 10 8 K cm 

−3 . Non- 
solar-scaled [C/O] changes the gas temperature as −4 ≤ [O / H] ≤ −1 at low 

P and low σ v . 
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Figure 4. Top panel: Characteristic stellar mass, M ch , as a function of oxygen 
abundance, [O/H], for a fixed cloud pressure P /k B = 10 4 K cm 

−3 at different 
ef fecti v e v elocity dispersions, σ v , as shown in the le gend. The solid and 
dashed curves correspond to solar-scaled ([C/O] = 0) and non-solar-scaled 
([C/O] = −1) carbon abundances, respectively. M ch increases by a factor as 
high as 7 at −4 ≤ [O / H] ≤ −1 when [C/O] = −1. Bottom panel: Same as 
the top panel, but for high cloud pressure P /k B = 10 8 K cm 

−3 . M ch is not 
impacted by non-solar-scaled [C/O] at high P . 
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lo v er & Clark 2012 ), which is what we see from the top panel
f Fig. 3 . Since a ne gativ e [C/O] does not impact the gas thermal
alance in high-pressure environments, the gas temperature does not 
eviate from the model with [C/O] = 0 (see the bottom panel of
ig. 3 ). 

.2 Characteristic stellar mass of the IMF 

e characterize the IMF as bottom-heavy if the characteristic stellar 
ass M ch < 1 M �, and top-heavy otherwise. The variations in the

as temperatures affected by reducing [C/O] discussed in Section 3.1 
irectly impact M ch because the temperature structure of the gas 
etermines the Bonnor–Ebert mass. 
We see from Fig. 4 that the high- σ v or high- P models, for which

he gas temperature is insensitive to changes in [C/O], also do not
ho w any v ariations in M ch as a function of [O/H]. Ho we ver, M ch 

ignificantly changes for the model with low σ v and low P , where
etal cooling is dominated by C. The higher gas temperatures due 
o the lower amount of C in the case with [C/O] = −1 result in
igher M ch because the location where the enclosed mass equals the
onnor–Ebert mass shifts further away from the existing protostar 

n the cloud. For example, M ch increases from ∼3 to 34 M � around
O/H] = −2.5. Additionally, the transition where the IMF is expected 
o become bottom-heavy now occurs around [O / H] ∼ −1 instead of 
O / H] ∼ −2 as in the fiducial model with [C/O] = 0. Thus, a non-
ero [C/O] matters for M ch (and consequently, for the IMF) at low
ressures and high densities. 
Using [C/O] = −1 at [O/H] > −1 also has a minor but noticeable

ffect on M ch . In this case, we observe from Fig. 4 that [C/O] = −1
roduces a lower M ch as compared to the fiducial model with [C/O]
 0. This is opposite of the influence of a lower [C/O] at [O/H]
 −1, and occurs because of enhanced CO cooling due to higher

as density as the equilibrium location where the enclosed mass 
quals the Bonnor–Ebert mass shifts further away from the existing 
rotostar. Nonetheless, this effect is likely not realistic since we 
xpect [C/O] to be closer to zero near [O/H] ∼ 0. 
MNRAS 518, 3985–3998 (2023) 
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Figure 5. Same as Fig. 4 but for different chemical states across [O/H] (as 
shown in the legend) for a fixed pressure P /k B = 10 4 K cm 

−3 and ef fecti ve 
velocity dispersion σv = 0 . 5 km s −1 . Variations in M ch for non-solar-scaled 
[C/O] are robust to realistic chemical states of C and O at [O/H] < −1 
(orange, green, and purple curves). 
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.3 Effects of different chemical states of C and O 

o far, we have assumed a particular chemical state of C and O as a
unction of [O/H] (fig. 1 Sharda & Krumholz 2022 ). Specifically,
e have assumed that most C atoms are in the form of C 

+ at
rimordial-like [O/H], C at intermediate [O/H], and CO at high
O/H]. Similarly, for O, we have assumed that most of the O atoms
xist in the form of neutral O in the low-[O/H] ISM; however, roughly
alf of them are locked in CO at high [O/H]. While there are sound
heoretical arguments (e.g. Omukai et al. 2005 ; Krumholz, McKee &
umlinson 2009 ; McKee & Krumholz 2010 ; Glo v er & Clark 2012 ,
016 ; Sternberg et al. 2014 ; Bialy & Sternberg 2015 ; Chiaki et al.
015 ; Hu, Sternberg & van Dishoeck 2021 ; Sternberg, Gurman &
ialy 2021 ; Chiaki & Yoshida 2022 ) as well as some observational

upport (Langer 2009 ; Rubio et al. 2015 ; Shi et al. 2016 ; Pineda et al.
017 ; Schruba et al. 2017 ; Jameson et al. 2018 ; Madden et al. 2020 ;
uadarrama et al. 2022 ) for our choice of C and O chemical states at
ifferent [O/H], it only statistically represents reality, and we expect
onsiderable scatter or co-existence of different chemical states in
ndi vidual lo w-metallicity ISM environments. 

Noteworthy in this context are the suite of simulations at very low
etallicities (ranging −6 ≤ [O / H] ≤ −3) carried out by Chiaki et al.

 2016 ), Chiaki & Wise ( 2019 ), and Chiaki & Yoshida ( 2022 ). The
uthors start by assuming that the low-metallicity ISM is enriched
y a Population III supernova, which sets the initial abundances
f the different elements and their chemical states. The authors
ollo w the e volution of v arious chemical states of C and O, and
nd that carbon mostly exists as C or C 

+ at densities less than
0 4 −10 5 cm 

−3 , beyond which it is locked in CO, irrespective of
O/H]. Similarly, regardless of [O/H], O is mostly present in the
eutral form at densities less than 10 4 cm 

−3 , OH and O 2 at densities
round 10 4 −10 8 cm 

−3 , and H 2 O at higher densities. In principle,
e can adopt their results to construct the chemical makeup of C

nd O in our models as a function of the density. Ho we ver, these
uthors do not consider dissociation of molecules from UV photons
mitted by background stars or stars within the same cloud. One-
one calculations by Omukai ( 2012 ) that include this far -ultra violet
FUV) feedback at [O/H] < −3 find that even a weak FUV field
an significantly impact the chemical composition and subsequent
hermal evolution of the clouds at densities lower than 10 8 cm 

−3 .
ince the densities at which we calculate M ch are typically in the
ange of 10 3 −10 7 cm 

−3 , this implies that the chemical composition
f C and O as presented in the abo v e simulations is v ery sensitiv e to
UV feedback. 
As a simpler alternative, we create a grid of models with four

istinct chemical compositions: (1) H 2 + CO + O I , (2) H 2 + C I
 O I , (3) H 2 + C II + O I , and (4) H I + C II + O I for all [O/H].
he first composition is such that all C is locked in CO, and the

emaining O atoms not locked in CO exist as O I . Note that not all
f these combinations are realistic, at least not for all [O/H]. We
eliberately sweep across a larger-than-reasonable parameter space
o explore possible variations in M ch at non-zero [C/O] for different
hemical states. 

In the previous sections, we have demonstrated that the effects
f a non-zero [C/O] for different chemical compositions are only
ignificant for the case where the pressure and velocity dispersion
re low. Therefore, we only present results for this case in Fig. 5 . The
rends we find corroborate our findings abo v e. The case where the
as is almost fully molecular (H 2 + CO + O I ) exhibits a bottom-
eavy IMF even at very low [O/H]. This is because low- J lines of
O provide more cooling than the fine structure lines of C I , C II ,
nd O I for the densities we are concerned with, and the CO cooling
NRAS 518, 3985–3998 (2023) 

l  
ate is largely insensitive to the CO abundance. Since the low- J lines
f CO are very optically thick, so a reduction in CO abundance is
ompensated by a reduction in optical depth, leaving the net cooling
ate almost unchanged (van der Tak et al. 2007 ; Krumholz 2014 ).
o we ver, as we discuss above, this case is not realistic, since we do
ot expect a CO-dominated chemical state at low C and O abundance
or the densities we are concerned with. 

We see that for the other two models where hydrogen is molecular
orange and green curves), the transition from a top- to bottom-heavy
MF occurs at higher [O/H] when [C/O] = −1, compared to when
C/O] = 0. Moreo v er, for all the models where CO is absent (orange,
reen, and purple curves, all having different chemical states of H
nd C), the resulting M ch increases by a factor ∼2 at [O/H] = 0 when
C/O] = −1, compared to when [C/O] = 0. While the resulting M ch 

s not realistic since we know C and O primarily exist in the form of
O at high [O/H], it shows the impacts a non-zero [C/O] can have
ased on the chemical state of C and O. 
To summarize, we find that the trends in M ch for non-zero [C/O]

re robust to variations in the chemical state of C and O. Ho we ver,
he exact [O/H] where the transition from a top- to bottom-heavy
MF occurs is sensitive to the chemical makeup of C and O in the
as. 

.4 Effects of a varying dust-to-metal ratio 

t has been long known that there is a correlation between the ISM
as-phase C abundance and the dust-to-gas ratio (Cohen et al. 1989 ;
athis 1990 ). The amount of C available in the gas phase depends on

he fraction of C locked in dust grains, which is different at different
etallicities (e.g. Konstantopoulou et al. 2022 ). Thus, the dust-to-
etal ratio can play a role in setting M ch . So far, we have used a

imple scaling of the dust-to-metal ratio, δ ∝ [O / H] . It is therefore
orth analysing how our results change if we use a different scaling
f the dust-to-metal ratio with [O/H]. For this purpose, following
 ́emy-Ruyer et al. ( 2014 ), we set δ ∝ 10 [O/H] for [O / H] ≥ −0 . 7, and
∝ 10 3 . 1 [O / H] for lower [O/H]. 
Fig. 6 plots the trends in M ch at low pressure and high density (or

o w ef fecti v e v elocity dispersion) for the modified scaling of dust-
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Figure 6. Blue curves are the same as Fig. 4 for pressure P /k B = 

10 4 K cm 

−3 and ef fecti v e v elocity dispersion σv = 0 . 5 km s −1 , using a linear 
scaling of the dust-to-metal ratio δ with [O/H]. Orange curves are for models 
using the dust-to-metal ratio scaling with [O/H] from R ́emy-Ruyer et al. 
( 2014 ). The R ́emy-Ruyer et al. ( 2014 ) scaling of δ with [O/H] makes little 
difference to the resulting trends in M ch . 
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4 What matters for gas cooling by metals in the ISM is the [C/O] ratio, and 
not the [C/Fe] or [O/Fe] ratios, since the abundance of Fe in the gas phase is 
tiny. Thus, for the purpose of our work, a high [C/Fe] or [O/Fe] has similar 
implications on the IMF as Sharda & Krumholz ( 2022 ) if [C/O] = 0. 
5 The [C/H] and [O/H] measured by Amarsi et al. ( 2019c ) are normalized via a 
similar analysis for the Sun as for their stars, corresponding to solar carbon and 
oxygen abundances of 12 + log 10 C / H = 8 . 43 and 12 + log 10 O / H = 8 . 68, 
respectively. The reader might notice that the solar abundance for C and O 

atoms per H nucleus we use ( x C, MW 

= 1.4 × 10 −4 and x O, MW 

= 3 × 10 −4 ) 
for the models is lower than the earlier values by ∼40 per cent. The reason 
for this discrepancy is that a fraction of the C and O atoms in the ISM are 
locked in dust grains (e.g. SiO, FeO, etc.). This difference does not matter 
for this work since we normalize the model results by the gas-phase solar O 
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o-metal ratio with [O/H], for the two cases where [C/O] = 0 and
C/O] = −1. While a different dust-to-metal ratio scaling produces 
lightly different trends in M ch due to � gd and � gd , the variations in
 ch due to a non-zero [C/O] are similar to those we have noticed

n Sections 3.2 and 3.3 . We also find that the trends in M ch at high
ressure for a non-zero [C/O] do not vary if we change the scaling
f the dust-to-metal ratio with [O/H]. 
Note that there are several other models/simulations that describe 

he evolution of δ with [O/H] (Popping, Somerville & Galametz 
017 ; Hou et al. 2019 ; Li, Narayanan & Dav ́e 2019 ; Vijayan et al.
019 ; Triani et al. 2020 ). Ho we ver, none of them seem to reproduce
he observed data across a wide range of metallicities and redshifts
see the discussion in Popping & P ́eroux 2022 ). We therefore do
ot attempt to test variations in M ch due to the δ − [O / H] relations 
redicted by these models, but note that this is an important avenue
ith significant potential for future exploration. 

 I M PAC T  O F  VA R I AT I O N  IN  [C /O]  O N  T H E  

E TA L - P O O R  IMF  

aving obtained a basic intuition of variations in M ch as a function of
C/O], we now turn to available measurements of [C/O] at different 
O/H], and use these data to systematically predict variations in M ch .

e focus on two sets of data: one from high-resolution spectroscopic 
bservations of metal-poor stars in the Milky Way, and other from
as-phase abundance measurements in H II regions of metal-poor 
warf galaxies. 

.1 Insights from obser v ations of metal-poor stars 

he last decade has seen an immense progress in abundance mea- 
urements of metal-poor stars in the Milky Way (Norris et al. 2013 ;
rentsen et al. 2020 ; Youakim et al. 2020 ; Yong et al. 2021 ; Lucey

t al. 2022 ) as well as in dwarf galaxies (e.g. Frebel et al. 2010 ,
016 ; Ishigaki et al. 2014 ; Ji et al. 2016 ; Abohalima & Frebel 2018 ;
hiti et al. 2018 ; Nagasawa et al. 2018 ; Aoki, Aoki & Fran c ¸ois
020 ). The abundance patterns observed in metal-poor stars carry 
ignatures of the primordial (or primordial-like) ISM they were 
orn in, and thus provide much needed observational constraints 
n the metal-poor ISM (e.g. Caffau et al. 2011 ; Johnson 2015 ;
zzeddine et al. 2019 ; Frebel et al. 2019 ; Nordlander et al. 2019 ;
k ́ulad ́ottir et al. 2021 ; Mardini et al. 2022 ). Carbon, in particular,
as received special emphasis in these studies because early results 
isco v ered high [C/Fe] in stars with [Fe/H] < −2, now known as
arbon-enhanced metal-poor stars (CEMP, Beers & Christlieb 2005 ; 
rebel & Norris 2015 ), with [C/Fe] > + 0.7 (Aoki et al. 2007 ). 4 While

here are still discrepancies that exist between measurements from 

ifferent surv e ys (Arentsen et al. 2022 ), the general consensus is that
he evolution of C is highly non-linear in metal-poor environments. 
hus, the measured trends in [C/O] in metal-poor stars are promising
s a diagnostic of the metal-poor IMF. 

Direct measurements of O in metal-poor stars are challenging 
s the atomic lines in the optical become vanishingly weak at
O/H] < −2; at such low metallicities only the near-UV molecular
H lines can be used, which requires significant investment in 

ime on large telescopes with highly efficient UV spectrographs 
Bessell, Hughes & Cottrell 1984 ; Bessell, Sutherland & Ruan 1991 ;
oesgaard et al. 2011 ). Moreo v er, molecular lines are expected to be

trongly susceptible to assumptions about the model atmosphere 
t low metallicity (Collet, Asplund & Trampedach 2006 , 2007 ;
arc ́ıa P ́erez et al. 2006 ; Frebel et al. 2008 ; Gonz ́alez Hern ́andez

t al. 2010 ; Gallagher et al. 2016 , 2017 ; Norris & Yong 2019 ).
hus, measured [C/O] ratios in these stars are hard to come by.
oreo v er, the abundances, if measured using approximate 1D or

ocal thermodynamic equilibrium stellar atmosphere models (e.g. 
orris et al. 2013 ; Nissen et al. 2014 ), need complex corrections (e.g.
marsi et al. 2016 ; Nissen & Gustafsson 2018 ). In fact, C abundances

re severely impacted by 3D non-local thermodynamic equilibrium 

3D-NLTE) corrections, which have led to several CEMP stars being 
e-classified as C-normal stars (Norris & Yong 2019 ; Amarsi et al.
019a ). 
To a v oid these ca veats, we use the C and O abundances presented

y Amarsi et al. ( 2019c ) for a sample of 187 FG-type main-sequence
tars in the Galactic thin and thick discs as well as in the metal-
oor halo. The abundances were inferred via a re-analysis of the
ata presented in Nissen et al. ( 2007 , 2014 ), by using 3D radiative-
ydrodynamic stellar atmosphere models from the Stagger-grid 
Collet, Magic & Asplund 2011 ; Magic et al. 2013 ) combined with
D radiative transfer taking NLTE effects into account. The C and O
bundances are based on C I and O I lines of high excitation potential
Amarsi et al. 2018 , 2019b ). The advantage of this is that the y hav e
imilar sensitivities to stellar parameters, and so uncertainties in the 
easured stellar ef fecti ve temperature and surface gravity should 

ancel out to first order in the [C/O] ratio (Amarsi et al. 2019a ). 
The top panel of Fig. 7 shows the trends in [C/O] as a function

f [O/H] in the observed sample. 5 We fit the observed trend with a
MNRAS 518, 3985–3998 (2023) 
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M

Figure 7. Top panel: Observed trends in [C/O] as a function of [O/H] from 3D-NLTE abundance modelling of metal-poor Milky Way stars (Amarsi et al. 
2019c ). The orange curve represents a cubic polynomial fit to the data, and the gre y-shaded re gion encompasses [C/O] higher (lower) than the best-fitting by 
0.2 (0.4) dex. Bottom panel: Trends in the characteristic IMF mass, M ch , as a function of [O/H] from the models. The solid curves represent the models from 

Sharda & Krumholz ( 2022 ) that use [C/O] = 0. The dashed curves represent models where [C/O] varies with [O/H] following the cubic fit to the data plotted in 
the top panel. The gre y-shaded re gion corresponds to M ch values when [C/O] is higher (lower) than the best-fitting by 0.2 (0.4) dex. The conversion from [O/H] 
to 12 + log 10 O / H is different by 0.22 dex between the top and bottom panels due to different normalizations for solar O abundance in stars versus in the gas 
phase because of depletion in the latter. 
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imple cubic polynomial (orange curve) weighted by the measured
 σ uncertainty in [C/O]: 

C / O] = a C [O / H] 3 + b C [O / H] 2 + c C [O / H] + d C , (2) 

here the best-fitting a C = −0.02, b C = 0.14, c C = 0.60, and d C =
0.09. To co v er the scatter present in the data, we simply increase

decrease) the best-fitting [C/O] by + 0.2 ( −0.4) dex. We notice
hat the mean [C/O] ∝ [O/H] at [O/H] > −1; ho we ver, it remains
oughly constant for −2 ≤ [O / H] ≤ −1 (see also Romano et al.
019a , 2020 ). Below [O/H] = −2, the data are too scarce to draw
ny meaningful conclusions, although the cubic polynomial fit shows
n upturn in [C/O] at the lowest [O/H] due to the most metal-poor star.
his upturn has also been noticed in other works; e.g. in damped Ly α
NRAS 518, 3985–3998 (2023) 

bundance, and the data by the O abundance measured in the Sun assuming 
o depletion. We refer the reader to Draine ( 2011 ) for a detailed discussion 
f C and O abundances in different components of the Galaxy. 

t  

m  

a  

i  

a  
bsorbers (Akerman et al. 2005 ; Cooke, Pettini & Jorgenson 2015 ;
ooke, Pettini & Steidel 2017 ) as well as EAGLE cosmological

imulations (Sharma et al. 2018 ). Some authors attribute it to
nrichment from Population III superno vae (F abbian et al. 2009 ;
alvadori & Ferrara 2012 ), while others argue for enrichment from

ow-metallicity asymptotic giant branch (AGB) stars (Sharma et al.
018 ). If this upturn were real, it would imply that [C/O] tends to
pproach zero again at low [O/H], so the resulting M ch at low [O/H]
ould be similar to that reported in Sharda & Krumholz ( 2022 ); e.g.
 ch ≈ 20 M � at [O/H] = −3. 
Before we present the results from the model, a key question to

ddress here is whether the [C/O] ratios that Amarsi et al. ( 2019c )
nd are representative of the [C/O] ratio of the ISM out of which

hese stars formed (e.g. Bonifacio et al. 2015 ), because our IMF
odels use ISM abundances. Given that all the stars in this sample

re C-normal ([C/Fe] < + 0.7; see Amarsi et al. 2019c , fig. 11), it
s not likely that C was accreted later on due to mass transfer by
 companion (as is the case for s process-rich CEMP-s stars; see
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bate et al. 2015 and Arentsen et al. 2019 ). Moreo v er, these main-
equence stars have not undergone any helium burning, precluding 
ny intrinsic enhancement of C on the stellar surface. Thus, we can
afely assume that the C abundances measured in these stars reflect 
he intrinsic ISM C abundance out of which they were born. Another
ategory of CEMP stars is called CEMP-no, which do not show an
nhancement in s -process elements (e.g. Yoon et al. 2016 ; Arentsen
t al. 2019 ). A fraction of these stars is proposed to ha ve ev olved in
solation (Yoon et al. 2019 ), so their [C/O] ratios should also reflect
he ISM [C/O] that they were born with (Bonifacio et al. 2015 ;
ansen et al. 2016 ; Norris & Yong 2019 ; Lucey et al. 2022 ; Zepeda

t al. 2022 ). While the available O measurements in CEMP-no stars
uggest [C/O] ∼ 0 (fig. 8, Frebel & Norris 2015 ), the scatter is quite
arge, and for a large fraction of stars only O abundance limits are
vailable due to the reasons we mention abo v e. Future observations
hat focus on obtaining O abundances in CEMP-no stars is therefore 
rucial to constraining their IMF. 6 

Using the best-fitting [C/O]–[O/H] relation, we produce the trends 
n M ch –[O/H] at low and high pressures. The bottom panels of Fig. 7
how the results. Not surprisingly, the trends in M ch at high pressure
emain unaffected due to varying [C/O] as suggested by the data. 
he only appreciable difference in M ch for a varying [C/O] occurs 

n models with low pressure and high density (blue curves in the
ottom-left panel). At low metallicity ([O/H] < −1), as compared 
o the fiducial model with [C/O] = 0, we find that a varying [C/O]
roduces M ch higher by a factor � 5. Additionally, the metallicity 
[O/H]) where the IMF transitions from top- to bottom-heavy shifts 
y somewhere between + 0.4 and + 1.1 dex; the exact location of the
ransition is uncertain owing to the scatter present in the data, which
orresponds to the grey-shaded region around the dashed blue curve 
n the bottom panel of Fig. 7 . Interestingly, at high metallicity ([O/H]
 −1), we also find that the scatter in the data introduces uncertainty

n M ch by a factor � 2. While a factor of 2 variation in M ch is not
ubstantial when M ch is large, it can have measurable consequences 
hen M ch is subsolar, because subsolar stars live for much longer. 
Overall, the non-constant [C/O] as measured in metal-poor stars 

ould have influenced the IMF for the next generation of stars
n a low-pressure and high-density ISM. Additionally, in such an 
nvironment, the data suggest that the transition to a bottom-heavy 
MF would occur later on, after the ISM was enriched to 1 dex
igher in O. Ho we ver, a non-constant [C/O] would have had no
ignificant impact on the characteristic stellar mass if the ISM was 
ighly pressurized. 

.2 Insights from obser v ations of metal-poor dwarf galaxies 

etal-poor dwarf galaxies are ideal laboratories to test variations in 
he IMF since the physical conditions therein are quite different from
hose in the Milky Way (e.g. Gennaro et al. 2018 ). The abundances
f nebular C and O have been measured in several metal-poor dwarf
alaxies using high-resolution UV spectroscopy (Garnett et al. 1995 , 
999 ; Berg et al. 2016 , 2019 ; Llerena et al. 2022 ). The collisionally
xcited UV lines of C III and O III that are used to measure the [C/O]
atio do not suffer from reddening since the interstellar extinction 
s invariant o v er 1600–2000 Å (Byler et al. 2018 ; Mingozzi et al.
 In the absence of O measurements, Mg is often used as a tracer for oxygen 
or, more broadly speaking, for α elements). Ho we ver, at lo w [O/H], av ailable 
ata suggest that Mg does not trace O very well. In fact, there is considerable 
iscrepancy in [O/Mg] at low [O/H] within different Galactic surv e ys (Buder 
t al. 2021 ; Abdurro’uf et al. 2022 ; Hayes et al. 2022 ). 

s  

t  

7

a
O

022 ). These lines are also largely insensitive to variations in the
hysical conditions of the H II regions. Additional measurements 
ave also been obtained using the optical recombination lines of C II

nd O II (L ́opez-S ́anchez et al. 2007 ; Esteban et al. 2009 , 2014 ). The
esulting trends from the optical data are similar to that obtained
rom UV lines (e.g. Esteban et al. 2014 ; Toribio San Cipriano et al.
017 ); ho we ver, the abundances can differ by as high as 0.3 dex
the so-called abundance discrepancy problem, see Garc ́ıa-Rojas & 

steban 2007 ; L ́opez-S ́anchez et al. 2007 ). Additional uncertainty
an arise from ionization correction factors that are applied to take
nto account the existence of other ionized states of C and O which are
ot directly measured (Stasi ́nska 1978 ; Garnett et al. 1999 ; Esteban
t al. 2014 ; Berg et al. 2016 ). 

The top panel of Fig. 8 shows measurements of the [C/O] ratio
s a function of [O/H] in 93 metal-poor dwarf galaxies that we
dopt from Berg et al. ( 2019 ), which includes data compiled from
arious studies, including at redshifts ( z ) 2–3 (Pilyugin & Thuan
005 ; Garc ́ıa-Rojas & Esteban 2007 ; L ́opez-S ́anchez et al. 2007 ;
steban et al. 2009 , 2014 ; Erb et al. 2010 ; Christensen et al. 2012 ;
ayliss et al. 2014 ; James et al. 2014 ; Stark et al. 2014 ; Steidel et al.
016 ; Vanzella et al. 2016 ; Amor ́ın et al. 2017 ; Berg et al. 2018 ;
igby et al. 2018 ) 7 . Note that these data are not corrected for the
epletion of C and O onto dust, largely due to uncertainties in the
hemical evolution of C in the diffuse and the ionized ISM at low
etallicities (Draine 2011 ; Sofia et al. 2011 ; Jenkins 2014 ). Some

uthors argue for a correction factor due to dust depletion of ∼0.1 dex
or both C and O at high metallicities (Peimbert & Peimbert 2010 ;
steban et al. 2014 ), which would leave the [C/O] ratio invariant to
ust depletion. Ho we ver, this ef fect is proposed to be smaller at low
etallicities due to small extinctions (Berg et al. 2019 ). 
In the top panel of Fig. 8 , we also o v erplot the empirical relation

eveloped by Nicholls et al. ( 2017 ) based on scaling relations using
tellar and gas-phase abundances data: 

C / O] = log 10 

[
10 e C + 10 log 10 (O / H) + f C 

]
, (3) 

here e C = −0.8 and f C = 2.72. The data show a trend where [C/O] is
oughly constant for [O/H] < −0.7, and linearly increases with [O/H]
therwise (Nicholls et al. 2017 ). Ho we ver, gi ven the uncertainty
nd the scatter in the measurements, the trend can be equally well
escribed by a monotonically increasing function in [O/H] (Garnett 
t al. 1995 ). The former has been interpreted to reflect the primary
roduction of C at low [O/H] from intermediate-mass stars, and a
seudo-secondary production at high [O/H], possibly from winds 
f M � > 10 M � stars, while the latter reflects the possibility of
seudo-secondary C production down to the lowest measured [O/H]. 
onetheless, it is clear that the average [C/O] < 0 for the range of

O/H] co v ered by the data. A ne gativ e [C/O] could also be shaped by
warf galaxies preferentially losing oxygen in galactic outflows, as 
redicted by both the theory of ISM metallicity (Mac Low & Ferrara
999 ; Dalcanton 2007 ; Robles-Valdez et al. 2017 ; Emerick et al.
018 ; Romano et al. 2019b ; Sharda et al. 2021a , c ) and observations
f galactic outflows in dwarf galaxies (Chisholm et al. 2018 ; Lopez
t al. 2020 ; Cameron et al. 2021 ). 

We use the empirical relation of Nicholls et al. ( 2017 ) to predict
ariations in M ch for the four canonical models with low/high pres-
ures and ef fecti v e v elocity dispersions (or densities). To encapsulate
he scatter present in the data, we simply change the resulting [C/O]
MNRAS 518, 3985–3998 (2023) 

 Similar to the stellar data we use in Section 4.1 , the Berg et al. ( 2019 ) data 
re normalized to a solar C abundance of 12 + log 10 C / H = 8 . 43 and solar 
 abundance of 12 + log 10 O / H = 8 . 69 (Grevesse et al. 2010 ). 
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M

Figure 8. Same as Fig. 7 but for gas-phase (ISM) measurements from H II regions in metal-poor dwarf galaxies. The data plotted in the top panel are taken 
from Berg et al. ( 2019 ). The orange curve in the top panel represents the empirical [C/O]–[O/H] relation from Nicholls et al. ( 2017 ). The grey-shaded region 
encompasses [C/O] different than the best-fitting by ±0.4 dex. 
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y ±0.4 dex at all [O/H], as shown with the grey-shaded region in the
op panel of Fig. 8 . The bottom panel of Fig. 8 presents the results,
hich are qualitatively similar to what we find in Section 4.1 (Fig. 7 )

rom observations of metal-poor stars. As in Section 3 , we see that
 varying [C/O] only impacts the model with low pressure and high
ensity (blue curves in the bottom-left panel). The consequence of
 varying [C/O] ratio according to the Nicholls et al. relation is
hat M ch can be larger by a factor � 7 compared to the default case
here C and O scale together. Additionally, we also see that the

MF does not transition to bottom-heavy until the gas-phase oxygen
bundance exceeds 7.5 on the absolute scale (or [O/H] > −1.2). This
s considerably different from the case where C and O scale together,
nd the IMF transitions to bottom-heavy at an oxygen abundance
hat is smaller by an order of magnitude. This is further complicated
y the scatter present in the data, as the grey-shaded band in the
ottom panel of Fig. 8 . The impact of the observed trends in [C/O]
s a function of [O/H] remains negligible at high pressures. 

Thus, we find that the non-zero [C/O] ratio in metal-poor dwarf
alaxies can have a strong impact on the characteristic stellar mass
f IMF in a low-pressure but dense ISM. Ho we ver, it does not have
n appreciable impact on the IMF if the ISM is highly pressurized.
NRAS 518, 3985–3998 (2023) 
easurements of the [C/O] ratio in galaxies with metallicities 7 <
2 + log 10 O / H < 7 . 7 are highly desirable to constrain the transition
f the IMF from top- to bottom-heavy. 

 C O N C L U S I O N S  A N D  F U T U R E  O U T L O O K  

here is compelling evidence for a non-solar scaling of the abundance
f carbon with respect to oxygen in metal-poor environments.
pecifically, observations find that the [C/O] ratio linearly changes
ith [O/H] at high metallicities, but flattens out at low [O/H], possibly

lso displaying an upturn below [O/H] = −3. At [O/H] < −1, the
C/O] ratio can vary by almost an order of magnitude (Amarsi et al.
019c ; Berg et al. 2019 ). While there has been immense work carried
ut to reproduce the observed [C/O]–[O/H] relation in metal-poor
tars as well as metal-poor dwarf galaxies using IMF variations, the
mpact of the C and O abundances on the IMF has been largely
nexplored. 
In this work, we extend the calculations of collapsing dusty
olecular clouds undergoing protostellar radiation feedback across a
ide range of pressures, densities, and metallicities from primordial

o supersolar (Sharda & Krumholz 2022 ). We particularly emphasize
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he impacts of non-zero (or non-solar-scaled) [C/O] ratio on the char- 
cteristic stellar mass (or the peak mass, M ch ) of the IMF at low [O/H].
e find that as long as the ISM pressure is high, P /k B = 10 8 K cm 

−3 ,
ypical of superstar clusters and starburst galaxies, a non-constant 
C/O] has no impact on M ch , because dust completely dominates 
he thermodynamics of collapsing gas even at metallicities as low as
O/H] = −3, beyond which molecular H 2 takes o v er as the dominant
as coolant. A varying [C/O] ratio also does not seem to matter for
he case where the ISM pressure is low, P /k B = 10 4 K cm 

−3 , typical
f main sequence star-forming galaxies, so long as the density is also
ow, or equivalently the cloud velocity dispersion is high. 

Nonetheless, in the regime of pressure and gas density/velocity 
ispersion characteristic of giant molecular clouds in local galaxies, 
 varying [C/O] ratio significantly impacts M ch . Using the observed 
rends in [C/O] as a function of [O/H] from two distinct sources –
etal-poor stars in the Milky Way (Amarsi et al. 2019c ) and metal-

oor dwarf galaxies (Berg et al. 2019 ) – we show that the resulting
 ch implied by these trends can be different by a factor � 7 at −3 ≤

O / H] ≤ −1. This is due to the reduction in the o v erall gas cooling
ate due to low C abundances as compared to O. Additionally, the
etallicity at which the IMF transitions from top- to bottom-heavy 

i.e. where M ch decreases from > 1 to < 1 M �) also shifts to higher
O/H] by ∼1 dex. These results are rather insensitive to the choice
f the chemical state of C and O in the ISM, or the adopted scaling
f the dust-to-metal ratio with [O/H]. 
Thus, we find that the abundances of C and O significantly 

mpact the IMF at low metallicities where cooling provided by 
ne structure metal lines dominates gas thermodynamics, at least 

n the case where the ISM pressure is low and density is high. Our
esults support the hypothesis that fine structure cooling by C and O
ines plays a key role in the transition from Population III to II star
ormation (Bromm & Loeb 2003 ; Frebel et al. 2007 ). This finding
lso has potential consequences for the origin of CEMP-no stars; 
o we ver, measurements of O abundance in these stars are needed.
 characteristic IMF mass of 1 −10 M � at −2 . 5 ≤ [O / H] ≤ −1 . 5

mplies an o v erabundance of AGB stars that can re-enrich the metal-
oor ISM with C on time-scales of the order of a few 100 Myr
Fishlock et al. 2014 ; Cristallo et al. 2015 ; Gil-Pons et al. 2022 ),
otentially e ven dri ving [C/O] > 0 for the subsequent generation of
tar formation (e.g. CEMP-no stars). Note, ho we ver, that our models
re restricted to predicting changes in the characteristic mass of the 
MF, and not its entire functional form. It is possible that the slope
t the high-mass end of the IMF is also impacted by a varying [C/O]
atio at low [O/H], an avenue we plan to investigate in future work. 

Finding the IMF and the elemental abundances is an iterative 
rocess, since both impact each other in numerous ways. Given 
he new era of disco v eries of very high-redshift galaxies by JWST
ith measurements of ISM abundances (e.g. Adams et al. 2022 ; 
acchella et al. 2022 ; Katz et al. 2023 ), it is now more important

han ever to self-consistently model the IMF and the ISM abundances 
o correctly predict the yields of different elements (Krumholz et al. 
015 ), figure out dominant nucleosynthesis and feedback channels at 
ow metallicities (Kobayashi et al. 2020 ), interpret metal distribution 
nd ionization budget in the ISM (Sharda et al. 2021a ), fit spectral
nergy distribution models to integrated galaxy spectra (Bellstedt 
t al. 2020 ), and more broadly, investigate star formation and metal
nrichment in diverse, metal-poor environments. 
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