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ABSTRACT

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. However, 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 11 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 C1 and C1I 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
very sensitive 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.

1 INTRODUCTION

Understanding the impact of metallicity on the stellar initial mass
function (IMF) is of utmost importance for several key areas of
galaxy evolution. It is now becoming clear that although the IMF
seems to be invariant in the metal-rich components of the Milky Way
(Kroupa 2001; Chabrier 2003; Bastian, Covey & Meyer 2010), it
could have been different in other environments with metallicities
that are subsolar (e.g. Komiya et al. 2007; Mattsson 2010; Suda et al.
2011, 2013; Gennaro et al. 2018; Rossi, Salvadori & Skiladéttir
2021; Filion et al. 2022) or supersolar (e.g. van Dokkum & Conroy
2010; Conroy & van Dokkum 2012; Martin-Navarro et al. 2015;
Smith 2020; Gu et al. 2022). It is not surprising that the IMF should
be sensitive to the metallicity, since the amount of metals present in
the interstellar medium (ISM) directly sets the thermodynamics of
the collapsing gas that ultimately forms stars (Omukai 2000; Bromm
etal. 2001; Omukai et al. 2005; Omukai, Hosokawa & Yoshida 2010;
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Chiaki et al. 2015; Chon, Omukai & Schneider 2021; Sharda &
Krumholz 2022).

The number of newly discovered metal-poor stars in the Milky
Way and dwarf galaxies has grown exponentially over the past few
decades (Frebel & Norris 2015). From a theoretical perspective,
several models and simulations have been developed to investigate
star formation in low-metallicity environments. However, most of
these simulations do not extend down to metallicities low enough
([O/H] < —1.5)! that we expect major variations in the IMF (e.g.
Myers et al. 2011; Bate 2014; Bate & Keto 2015; Bate 2019).

Only a handful of simulations exist that self-consistently evolve the
abundances of different elements in the metal-poor ISM by solving
for chemistry on the fly with hydrodynamics (e.g. Chiaki, Yoshida &
Hirano 2016; Chon et al. 2021; Chiaki & Yoshida 2022). While
these simulations provide a realistic picture of how the abundances
of C, N, and O ultimately shape the metal-poor IMF, they cannot
disentangle the effects of one element versus another because the
evolution of collapsing gas clouds is highly non-linear. Since these

'[0/H] = log,((0/H) — log,,(O/H)e.
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simulations do not sweep across the possible range of ISM properties
and exclude protostellar radiation feedback, they cannot quantify the
relative importance of metallicity as compared to physical properties
like density and pressure for the IMF (e.g. Munshi et al. 2014;
Tanvir, Krumholz & Federrath 2022). This is where analytical models
have proved useful owing to the level of control and range one
can achieve. Sharda & Krumholz (2022) present an analysis of the
thermodynamic budget in collapsing dusty gas clouds across a wide
range of metallicities (107 to 3 times solar) to explore variations in
the characteristic mass (or the peak mass, depending on the functional
form of the IMF; see section 2.2 of Hopkins 2018) of the IMF. They
identify a distinct low-metallicity regime where gaseous metals that
are not bound into molecules are the primary contributors to cooling
in the ISM, and subsequently set the characteristic mass of the IMF.

However, Sharda & Krumholz (2022) assume solar-scaled abun-
dances to calculate metal line cooling in their models. While this is
a reasonable approach to adopt in the first instance, with increasing
observational evidence it is becoming clear that several key elements
like C and N do not scale with their solar values at low metallicity (see
the recent review by Romano 2022). This is because N production
changes from primary (not dependent on [O/H]) to secondary (depen-
dent on [O/H]) as the ISM metallicity increases beyond [O/H] > —0.4
(e.g. Edmunds & Pagel 1978; Papadopoulos 2010; Johnson et al.
2022, however, see Roy et al. 2021 for a somewhat more complex
picture). Similarly, at low [O/H], C is produced as a primary element;
however, its production pathway switches to pseudo-secondary at
high [O/H] due to enhanced mass loss in the form of stellar winds
(e.g. Henry, Edmunds & Koppen 2000; Esteban et al. 2014; Berg
et al. 2016). At the lowest metallicities, the individual stellar C, N,
and O abundances vary by several orders of magnitude (see fig. 2 of
Norris et al. 2013). The primary versus secondary production also
impacts the observed metallicity plateau in the gas phase in local
galaxies at large galactocentric distances (Grasha et al. 2022), and
is important for photoionization modelling of H I regions (Nicholls
et 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
significantly deviate from 0 at low metallicities (Gustafsson et al.
1999; Akerman et al. 2004; Israelian et al. 2004; Spite et al. 2005;
Fabbian et al. 2009; Nissen et al. 2014; Amarsi et al. 2019a; Amarsi,
Nissen & Skdladéttir 2019c). Similarly, the [C/O] and [N/O] ratios
in low-metallicity galaxies also deviate from O (Garnett et al. 1995;
Kobulnicky & Skillman 1996; Liang et al. 2006; van Zee & Haynes
2006; Pérez-Montero & Contini 2009; Berg et al. 2016, 2019;
Nicholls et al. 2017; Roy et al. 2021; Arellano-Cérdova et al. 2022).
Both 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
IME, because C and O are the main metal ISM coolants (Bromm &
Loeb 2003; Frebel, Johnson & Bromm 2007). The vast majority
of available research in this area has focused on understanding
how a non-universal IMF could give rise to the observed trends
in [C/O] at low metallicities, but not the other way around (e.g.
Garnett et al. 1995; Carigi et al. 2005; Carigi & Hernandez 2008;
Mattsson 2010; Tsujimoto & Bekki 2011; Romano et al. 2019a,
2020; Lacchin et al. 2020; Palla et al. 2020). The few works that
do look at the influence of C and O cooling on the IMF assume
solar-scaled abundances (e.g. Omukai 2000; Chon et al. 2021, 2022)
or exclude protostellar radiation feedback (e.g. Schneider et al.
2006; Chiaki & Yoshida 2022). In reality, the IMF and [C/O] ratio
influence each other because the IMF sets the yield of C and O from
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massive and intermediate-mass stars (e.g. Maeder 1992; Iwamoto
et al. 2005; Kobayashi, Karakas & Lugaro 2020), and the ISM C and
O abundance directly sets the cooling rate of collapsing molecular
gas that dictates the IMF (e.g. Schneider et al. 2012; Chon et al. 2021;
Sharda & Krumholz 2022). Additionally, preferential ejection of O
through outflows (Mac Low & Ferrara 1999; Chisholm, Tremonti &
Leitherer 2018; Sharda et al. 2021a) can also alter the [C/O] ratio in
low-metallicity systems (Yin, Matteucci & Vladilo 2011; Berg et al.
2019; Yamaguchi, Furlanetto & Trapp 2022). Thus, it is crucial to
understand 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
non-solar-scaled C and O abundances impact the thermodynamics
of the metal-poor ISM and thence characteristic stellar mass of the
metal-poor IMF. We arrange the rest of the paper as follows: Sec-
tion 2 summarizes the theoretical framework of Sharda & Krumholz
(2022), which we also adopt in this work, Section 3 describes the
resulting ISM thermodynamic budget and the IMF when we use a
non-zero [C/O], and Section 4 discusses the impact of varying [C/O]
as found in observations of metal-poor stars and of H1I regions in
dwarf galaxies on the characteristic mass of the IMF. Finally, we
conclude and provide a future outlook in Section 5.

2 MODEL SUMMARY

The basic premise of the Sharda & Krumholz (2022) model is that
radiation feedback from an existing protostar plays a key role in
setting the characteristic mass, M, of the IMF (Krumholz 2011;
Guszejnov, Krumholz & Hopkins 2016; Krumholz et al. 2016).
To explore the implications of this ansatz, the authors consider
a spherically symmetric collapsing dusty gas cloud at a range of
densities, pressures, and metallicities. At the centre of this cloud is a
protostar, the radiation feedback from which heats the surrounding
gas. Following simulations (e.g. Krumholz, Klein & McKee 2011;
Federrath & Klessen 2013; Chiaki et al. 2016; Sharda, Krumholz &
Federrath 2019; Sharda et al. 2021b) as well as observations (e.g.
Caselli & Myers 1995; van der Tak et al. 2000; Schneider et al.
2015; Gieser et al. 2021), the authors adopt a power law for the
density profile of the cloud. With such a profile, the dust temperature
profile in the presence of radiation feedback is also given by a power
law (Chakrabarti & McKee 2005; Krumholz 2011; Chakrabarti
et al. 2013). Once the dust temperature is determined, the authors
include a variety of thermodynamic processes, such as dust—gas
energy exchange, cooling due to metal lines, Hy, HD, cosmic-ray
heating, compressional heating, and H, formation heating, to find
the equilibrium gas temperature. Using the gas temperature profile,
the authors then quantify how far away from the existing protostar the
cloud becomes Jeans unstable such that it can fragment and collapse
to form a new star instead of accreting onto the existing star. The
mass that is Jeans unstable is then classified as M,. We refer the
reader to Sharda & Krumholz (2022) for additional information on
the model.

Sharda & Krumholz (2022) parametrize metallicity using the
generic notation Z that corresponds to the logarithmic abundance
of all metals with respect to solar abundances (Asplund et al. 2009).
Since we are interested in studying non-solar-scaled abundances for
C 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
a function of [O/H] impact M.y,. The abundances of neutral C and O
atoms per H nucleus in the gas phase for the solar case that we adopt
are xc mw) = 1.4 x 107 and xo, mw) = 3.0 x 107*, following
Draine (2011, table 23.1). Our fiducial model uses a solar-scaled
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dust-to-gas ratio § = Syw x 1019/H1 where Syw = 1/162 (Zubko,
Dwek & Arendt 2004). We also consider an alternative scaling of &
from Rémy-Ruyer et al. (2014) later. We do not differentiate between
8 for carbonaceous and silicate grains to calculate the gas—dust energy
exchange. This distinction is more important for heating due to H,
formation on dust (e.g. Cazaux & Spaans 2009) that we do not
include in this work. This is because it has a negligible contribution
to gas thermodynamics at the location that sets M, (see section 4.1
of Sharda & Krumholz 2022). We import variations in the chemical
state of C and O (C11, C1, O1, and CO) as a function of [O/H]
from Sharda & Krumholz (2022, fig. 1), but we also investigate how
variations in the chemical state of C and O impact M, in Section 3.3.

As in Sharda & Krumholz (2022), we study a wide variety
of ISM physical conditions by varying the pressure P between
10* kg Kem™ [representing molecular clouds in main-sequence
star-forming galaxies (Dame, Hartmann & Thaddeus 2001; Welty
et al. 2016; Miville-Deschénes, Murray & Lee 2017; Kewley et al.
2019)] and 108 kg K cm ™3 [representing molecular clouds in starburst
galaxies (Turner, Beck & Ho 2000; Bolatto et al. 2008; van Dokkum
et al. 2008) or progenitors of superstar clusters and globular clusters
(Elmegreen & Efremov 1997; Bastian et al. 2006; Johnson et al.
2015; Finn et al. 2019)]. We also effectively vary the cloud density
by sweeping across a range of values for the cloud velocity dispersion
oy, from 0.5 to 5 kms~! (Padoan, Nordlund & Jones 1997; Myers
et al. 2011; Chabrier, Hennebelle & Charlot 2014; Kepley et al.
2016; Sharda et al. 2022). Since the density is given by the ratio of P
and o2, models with low o correspond to the case of high density,
and vice-versa. We use density and effective velocity dispersion
interchangeably. Thus, our model grid is three-dimensional (3D),
sweeping across P, o, and [O/H].

3 RESULTS

3.1 Gas thermal balance

We first discuss how the overall cooling budget of the gas at the
location in the cloud where M., is defined changes when we fix
[C/O] to a value other than 0, implying a non-solar scaling of C
with respect to O. We remind the reader that M, is set where the
gas mass around an existing protostar in the cloud is sufficient to
collapse by itself (i.e. where the enclosed mass equals the Bonnor—
Ebert mass; see Ebert 1955; Bonnor 1957). For the purpose of this
demonstration, we consider [C/O] = 0 (fiducial model) and [C/O]
= —1, and investigate the corners of our grid in P and o,. As we
will discuss later in Section 4, [C/O] = —1 represents the lowest
[C/O] observed in dwarf galaxies (Berg et al. 2019), and a loose
lower bound of that measured in metal-poor stars after factoring in
uncertainties (Amarsi et al. 2019¢).

As in Sharda & Krumholz (2022, equation 31), we quantify
the relative contribution of a process 1 to gas thermodynamics as
follows:

2n
ICc| + ITeal + | Agal + [Aml + |An,| + |Apl

Cln = (1
where the I" terms represent heating processes: I'. — compressional
heating and I'gq — heating due to dust—gas energy exchange, and the
A terms represent cooling processes: Ayq — cooling due to dust—gas
energy exchange, Ay — cooling due to fine structure lines of C and
O (C1,C1, and O1) as well as cooling due to low-J transitions of CO,
A, — cooling due to lines of H, and collisional excitation of H,,
and Ayp — cooling due to lines of HD and collisional excitation of
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HD.? When written in this manner, C() varies from —1 to +1; it is
positive if 7 is a heating process and negative if 7 is a cooling process.
Additionally, absolute values of C(n) close to unity imply that the cor-
responding process 7 is important for gas thermodynamics. The sum
of all heating (cooling) processes is +1 (—1). We also ensure that the
luminosity due to all the cooling radiation never exceeds that due to
blackbody cooling for all variations of [C/O] we present in this work.

Fig. 1 shows the results for the low-pressure case P /kg =
10* K em™3 with effective velocity dispersion oy = 0.5 (left-hand
panel) and 5kms~! (right-hand panel). We observe cooling due to
H, and HD dominates at extremely low metallicities ((O/H] < —5)
as expected, and cooling due to dust starts to become significant at
high metallicities ([O/H] > —2).> We also find that cooling due to C
and O dominates at intermediate metallicities, as found in Sharda &
Krumholz (2022).

We can compare the left- and right-hand panels of Fig. 1 to see
the impact of using non-solar-scaled [C/O]. Interestingly, we see that
changing the [C/O] ratio has a negligible impact on the gas cooling
budget in the model with o, = 5km s~!. This is because the location
of M, in models with o, = 5kms~' is much closer to the existing
protostar as compared to the models with o, = 0.5 kms~!. Since the
gas is denser closer to the protostar, O provides much more cooling as
compared to C. However, changing [C/O] to —1 considerably impacts
the model with o, = 0.5km s~ where the location of My, is farther
away from the protostar. Far away from the protostar, the low-density
gas is more efficiently cooled by C than O. Thus, the low amount of
C as compared to O in the latter case leads to an overall reduction
in the cooling provided by metals. As a consequence, the transition
where metals start dominating the cooling budget shifts up by more
than a dex in metallicity as compared to the model where [C/O] = 0.

Fig. 2 shows the results in the high-pressure case (P /kg =
108 K ecm ™). In contrast to Fig. 1, we see that there is no appreciable
reduction in metal cooling when the abundance of C is reduced by
a dex. This is due to O being the primary metal coolant in high-
pressure environments, and the fact that dust anyway controls gas
thermodynamics at high pressures. Although dust abundance also
changes with metallicity, and presumably would change at least
somewhat in response to changes in [C/O] (see Section 3.4 for a
detailed discussion), at high densities (equivalently, high P) the gas
temperature is quite insensitive to the total dust abundance (e.g.
Myers et al. 2011; Bate 2019). This is because the dust temperature
itself is not altered by the dust abundance as long as there is enough
dust to render the circumstellar environment optically thick (true
even at very subsolar metallicities due to the high optical/ultraviolet
(UV) opacity of dust grains), and because at high densities dust and
gas become well-coupled even if the dust abundance is subsolar.

Overall, we learn that a non-solar-scaled [C/O] only impacts the
thermodynamics of collapsing dusty molecular clouds at low pres-
sures and low effective velocity dispersions. In this particular case,
the transition from an H,-dominated cooling to metal-dominated
cooling occurs at a higher metallicity. The reduced amount of cooling
due to a negative [C/O] would lead to higher gas temperatures (since
H, is a poor gas coolant, e.g. Galli & Palla 1998; Omukai et al. 2005;

2As in Sharda & Krumholz (2022), we use the maximum possible cooling
due to HD.

3Several 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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P/kg = 10*Kcm™3

c(n)

= [C/O] =0 -
_1.0__ o, = 0.5kms~?! 1 o, =5.0kms™! —= [C/O]=-1
%6 5 4 3 2 1 0 6 5 4 3 2 T 0
[O/A] [O/H]

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(n), as a function of the oxygen abundance, [O/H]. The results are plotted for pressure P /kg = 10* K cm™3 and effective velocity dispersion oy = 0.5kms~!
(left-hand panel) and 5 km s7! (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 (Agq), metals like C and O (Am), H2 (An,), and HD
(Anp). If C(n) is zero for a process 7, it is unimportant for cooling the gas. If C(n) is —1, it dominates gas cooling. Non-solar-scaled [C/O] significantly impacts
the gas cooling budget for o, = 0.5kms™! but not for oy = Skms~!.

P/kg = 108 Kcm™3

c(n)

Ap

— [C/0]1=0 |
— = [C/O]=-1 |

_10- o, = 0.5kms™! o, = 5.0kms™1
ey b by by b by b b by b by by by by by

6 5 -4 3 2 -1 0 6 5 -4 3 2 -1 0
[O/H] [O/H]

Figure 2. Same as Fig. 1, but for high cloud pressure P/kg = 108 Kcm™2. 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, Ty, at the location that sets the
characteristic stellar mass as a function of oxygen abundance, [O/H], for a
fixed cloud pressure P/kg = 10* Kcm ™ at different effective velocity dis-
persions, oy = 0.5km s~! (blue curves) and oy = 5kms™~! (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 /kg = 10® K cm™3. Non-
solar-scaled [C/O] changes the gas temperature as —4 < [O/H] < —1 at low
P andlow oy.

Glover & Clark 2012), which is what we see from the top panel
of Fig. 3. Since a negative [C/O] does not impact the gas thermal
balance in high-pressure environments, the gas temperature does not
deviate from the model with [C/O] = 0O (see the bottom panel of
Fig. 3).

3.2 Characteristic stellar mass of the IMF

We characterize the IMF as bottom-heavy if the characteristic stellar
mass M, < 1Mg, and top-heavy otherwise. The variations in the
gas temperatures affected by reducing [C/O] discussed in Section 3.1
directly impact M., because the temperature structure of the gas
determines the Bonnor-Ebert mass.

We see from Fig. 4 that the high-o, or high-P models, for which
the gas temperature is insensitive to changes in [C/O], also do not
show any variations in M., as a function of [O/H]. However, M.,
significantly changes for the model with low o and low P, where
metal cooling is dominated by C. The higher gas temperatures due
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P/ks =10*Kcm™3]
2 — [C/01=0 |
2 ~,—— [C/o]=-1
< 1 \ )
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=
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Figure 4. Top panel: Characteristic stellar mass, My, as a function of oxygen
abundance, [O/H], for a fixed cloud pressure P /kg = 10* K cm ™3 at different
effective velocity dispersions, oy, as shown in the legend. The solid and
dashed curves correspond to solar-scaled ([C/O] = 0) and non-solar-scaled
([C/O] = —1) carbon abundances, respectively. M.y 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/kg = 108 Kecm™>. My, is not
impacted by non-solar-scaled [C/O] at high P.

to the lower amount of C in the case with [C/O] = —1 result in
higher M.y, because the location where the enclosed mass equals the
Bonnor—Ebert mass shifts further away from the existing protostar
in the cloud. For example, M, increases from ~ 3 to 34 M, around
[O/H] = —2.5. Additionally, the transition where the IMF is expected
to 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-
zero [C/O] matters for M., (and consequently, for the IMF) at low
pressures and high densities.

Using [C/O] = —1 at [O/H] > —1 also has a minor but noticeable
effect on My,. In this case, we observe from Fig. 4 that [C/O] = —1
produces a lower M, 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
gas density as the equilibrium location where the enclosed mass
equals the Bonnor—Ebert mass shifts further away from the existing
protostar. Nonetheless, this effect is likely not realistic since we
expect [C/O] to be closer to zero near [O/H] ~ 0.
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3.3 Effects of different chemical states of C and O

So far, we have assumed a particular chemical state of C and O as a
function of [O/H] (fig. 1 Sharda & Krumholz 2022). Specifically,
we have assumed that most C atoms are in the form of C* at
primordial-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
exist in the form of neutral O in the low-[O/H] ISM; however, roughly
half of them are locked in CO at high [O/H]. While there are sound
theoretical arguments (e.g. Omukai et al. 2005; Krumholz, McKee &
Tumlinson 2009; McKee & Krumholz 2010; Glover & Clark 2012,
2016; Sternberg et al. 2014; Bialy & Sternberg 2015; Chiaki et al.
2015; Hu, Sternberg & van Dishoeck 2021; Sternberg, Gurman &
Bialy 2021; Chiaki & Yoshida 2022) as well as some observational
support (Langer 2009; Rubio et al. 2015; Shi et al. 2016; Pineda et al.
2017; Schruba et al. 2017; Jameson et al. 2018; Madden et al. 2020;
Guadarrama et al. 2022) for our choice of C and O chemical states at
different [O/H], it only statistically represents reality, and we expect
considerable scatter or co-existence of different chemical states in
individual low-metallicity ISM environments.

Noteworthy in this context are the suite of simulations at very low
metallicities (ranging —6 < [O/H] < —3) carried out by Chiaki et al.
(2016), Chiaki & Wise (2019), and Chiaki & Yoshida (2022). The
authors start by assuming that the low-metallicity ISM is enriched
by a Population III supernova, which sets the initial abundances
of the different elements and their chemical states. The authors
follow the evolution of various chemical states of C and O, and
find that carbon mostly exists as C or C* at densities less than
10*—10° cm~3, beyond which it is locked in CO, irrespective of
[O/H]. Similarly, regardless of [O/H], O is mostly present in the
neutral form at densities less than 10* cm—3, OH and O, at densities
around 10*—10% cm~3, and H,O at higher densities. In principle,
we can adopt their results to construct the chemical makeup of C
and O in our models as a function of the density. However, these
authors do not consider dissociation of molecules from UV photons
emitted by background stars or stars within the same cloud. One-
zone calculations by Omukai (2012) that include this far-ultraviolet
(FUV) feedback at [O/H] < —3 find that even a weak FUV field
can significantly impact the chemical composition and subsequent
thermal evolution of the clouds at densities lower than 10% cm™3,
Since the densities at which we calculate M, are typically in the
range of 103—107 cm™3, this implies that the chemical composition
of C and O as presented in the above simulations is very sensitive to
FUV feedback.

As a simpler alternative, we create a grid of models with four
distinct chemical compositions: (1) H, + CO + OI, (2) H, + CI
+ OIL, 3) Hy + Cit 4+ O1, and (4) H1 + C1t 4+ O1 for all [O/H].
The first composition is such that all C is locked in CO, and the
remaining O atoms not locked in CO exist as O 1. Note that not all
of these combinations are realistic, at least not for all [O/H]. We
deliberately sweep across a larger-than-reasonable parameter space
to explore possible variations in M, at non-zero [C/O] for different
chemical states.

In the previous sections, we have demonstrated that the effects
of a non-zero [C/O] for different chemical compositions are only
significant for the case where the pressure and velocity dispersion
are low. Therefore, we only present results for this case in Fig. 5. The
trends we find corroborate our findings above. The case where the
gas is almost fully molecular (H, + CO + O]1) exhibits a bottom-
heavy IMF even at very low [O/H]. This is because low-J lines of
CO provide more cooling than the fine structure lines of C1, C1I,
and O1 for the densities we are concerned with, and the CO cooling
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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/kg = 10* Kcm™3 and effective
velocity dispersion oy = 0.5km s~!. Variations in M, 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).

rate is largely insensitive to the CO abundance. Since the low-J lines
of CO are very optically thick, so a reduction in CO abundance is
compensated by a reduction in optical depth, leaving the net cooling
rate almost unchanged (van der Tak et al. 2007; Krumholz 2014).
However, as we discuss above, this case is not realistic, since we do
not expect a CO-dominated chemical state at low C and O abundance
for 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
IMF occurs at higher [O/H] when [C/O] = —1, compared to when
[C/O] = 0. Moreover, for all the models where CO is absent (orange,
green, and purple curves, all having different chemical states of H
and C), the resulting M., increases by a factor ~2 at [O/H] = 0 when
[C/O] = —1, compared to when [C/O] = 0. While the resulting My,
is not realistic since we know C and O primarily exist in the form of
CO at high [O/H], it shows the impacts a non-zero [C/O] can have
based on the chemical state of C and O.

To summarize, we find that the trends in M, for non-zero [C/O]
are robust to variations in the chemical state of C and O. However,
the exact [O/H] where the transition from a top- to bottom-heavy
IMF occurs is sensitive to the chemical makeup of C and O in the
gas.

3.4 Effects of a varying dust-to-metal ratio

It has been long known that there is a correlation between the ISM
gas-phase C abundance and the dust-to-gas ratio (Cohen et al. 1989;
Mathis 1990). The amount of C available in the gas phase depends on
the fraction of C locked in dust grains, which is different at different
metallicities (e.g. Konstantopoulou et al. 2022). Thus, the dust-to-
metal ratio can play a role in setting M,. So far, we have used a
simple scaling of the dust-to-metal ratio, § o« [O/H]. It is therefore
worth analysing how our results change if we use a different scaling
of the dust-to-metal ratio with [O/H]. For this purpose, following
Rémy-Ruyer et al. (2014), we set § o< 10°H! for [O/H] > —0.7, and
8 o 103-110/H1 for Jower [O/H].

Fig. 6 plots the trends in My, at low pressure and high density (or
low effective velocity dispersion) for the modified scaling of dust-
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Figure 6. Blue curves are the same as Fig. 4 for pressure P/kp =
10* K cm~3 and effective velocity dispersion oy = 0.5kms~!, using a linear
scaling of the dust-to-metal ratio § with [O/H]. Orange curves are for models
using the dust-to-metal ratio scaling with [O/H] from Rémy-Ruyer et al.
(2014). The Rémy-Ruyer et al. (2014) scaling of § with [O/H] makes little
difference to the resulting trends in M.

to-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
slightly different trends in My, due to I'gq and Agq, the variations in
My, due to a non-zero [C/O] are similar to those we have noticed
in Sections 3.2 and 3.3. We also find that the trends in M., at high
pressure for a non-zero [C/O] do not vary if we change the scaling
of the dust-to-metal ratio with [O/H].

Note that there are several other models/simulations that describe
the evolution of § with [O/H] (Popping, Somerville & Galametz
2017; Hou et al. 2019; Li, Narayanan & Davé 2019; Vijayan et al.
2019; Triani et al. 2020). However, none of them seem to reproduce
the observed data across a wide range of metallicities and redshifts
(see the discussion in Popping & Péroux 2022). We therefore do
not attempt to test variations in M, due to the § — [O/H] relations
predicted by these models, but note that this is an important avenue
with significant potential for future exploration.

4 IMPACT OF VARIATION IN [C/O] ON THE
METAL-POOR IMF

Having obtained a basic intuition of variations in M., 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.
We focus on two sets of data: one from high-resolution spectroscopic
observations of metal-poor stars in the Milky Way, and other from
gas-phase abundance measurements in HII regions of metal-poor
dwarf galaxies.

4.1 Insights from observations of metal-poor stars

The last decade has seen an immense progress in abundance mea-
surements of metal-poor stars in the Milky Way (Norris et al. 2013;
Arentsen et al. 2020; Youakim et al. 2020; Yong et al. 2021; Lucey
et al. 2022) as well as in dwarf galaxies (e.g. Frebel et al. 2010,
2016; Ishigaki et al. 2014; Ji et al. 2016; Abohalima & Frebel 2018;
Chiti et al. 2018; Nagasawa et al. 2018; Aoki, Aoki & Francois
2020). The abundance patterns observed in metal-poor stars carry
signatures of the primordial (or primordial-like) ISM they were
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born in, and thus provide much needed observational constraints
on the metal-poor ISM (e.g. Caffau et al. 2011; Johnson 2015;
Ezzeddine et al. 2019; Frebel et al. 2019; Nordlander et al. 2019;
Skuladéttir et al. 2021; Mardini et al. 2022). Carbon, in particular,
has received special emphasis in these studies because early results
discovered high [C/Fe] in stars with [Fe/H] < —2, now known as
carbon-enhanced metal-poor stars (CEMP, Beers & Christlieb 2005;
Frebel & Norris 2015), with [C/Fe] > +0.7 (Aoki et al. 2007).* While
there are still discrepancies that exist between measurements from
different surveys (Arentsen et al. 2022), the general consensus is that
the evolution of C is highly non-linear in metal-poor environments.
Thus, the measured trends in [C/O] in metal-poor stars are promising
as a diagnostic of the metal-poor IMF.

Direct measurements of O in metal-poor stars are challenging
as the atomic lines in the optical become vanishingly weak at
[O/H] < —2; at such low metallicities only the near-UV molecular
OH lines can be used, which requires significant investment in
time on large telescopes with highly efficient UV spectrographs
(Bessell, Hughes & Cottrell 1984; Bessell, Sutherland & Ruan 1991;
Boesgaard et al. 2011). Moreover, molecular lines are expected to be
strongly susceptible to assumptions about the model atmosphere
at low metallicity (Collet, Asplund & Trampedach 2006, 2007;
Garcia Pérez et al. 2006; Frebel et al. 2008; Gonzdlez Herndndez
et al. 2010; Gallagher et al. 2016, 2017; Norris & Yong 2019).
Thus, measured [C/O] ratios in these stars are hard to come by.
Moreover, the abundances, if measured using approximate 1D or
local thermodynamic equilibrium stellar atmosphere models (e.g.
Norris et al. 2013; Nissen et al. 2014), need complex corrections (e.g.
Amarsi et al. 2016; Nissen & Gustafsson 2018). In fact, C abundances
are severely impacted by 3D non-local thermodynamic equilibrium
(3D-NLTE) corrections, which have led to several CEMP stars being
re-classified as C-normal stars (Norris & Yong 2019; Amarsi et al.
2019a).

To avoid these caveats, we use the C and O abundances presented
by Amarsi et al. (2019c¢) for a sample of 187 FG-type main-sequence
stars in the Galactic thin and thick discs as well as in the metal-
poor halo. The abundances were inferred via a re-analysis of the
data presented in Nissen et al. (2007, 2014), by using 3D radiative-
hydrodynamic stellar atmosphere models from the Stagger-grid
(Collet, Magic & Asplund 2011; Magic et al. 2013) combined with
3D radiative transfer taking NLTE effects into account. The C and O
abundances are based on C1and O1 lines of high excitation potential
(Amarsi et al. 2018, 2019b). The advantage of this is that they have
similar sensitivities to stellar parameters, and so uncertainties in the
measured stellar effective temperature and surface gravity should
cancel 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
of [O/H] in the observed sample.> We fit the observed trend with a

4What 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.

5The [C/H] and [O/H] measured by Amarsi et al. (2019¢) are normalized via a
similar analysis for the Sun as for their stars, corresponding to solar carbon and
oxygen abundances of 12 + log; C/H = 8.43 and 12 4 log;, O/H = 8.68,
respectively. The reader might notice that the solar abundance for C and O
atoms per H nucleus we use (xc, mw = 1.4 X 10~* and xo.Mw =3 x 107%)
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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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 grey-shaded region encompasses [C/O] higher (lower) than the best-fitting by
0.2 (0.4) dex. Bottom panel: Trends in the characteristic IMF mass, M, 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 grey-shaded region corresponds to M, 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;, 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.

simple cubic polynomial (orange curve) weighted by the measured
1o uncertainty in [C/O]:

[C/O] = ac[O/H]® + bc[O/H]* + cc[O/H] + dc, 2)

where the best-fitting ac = —0.02, bc = 0.14, ¢c = 0.60, and dc =
—0.09. To cover the scatter present in the data, we simply increase
(decrease) the best-fitting [C/O] by +0.2 (—0.4) dex. We notice
that the mean [C/O] o [O/H] at [O/H] > —1; however, it remains
roughly constant for —2 < [O/H] < —1 (see also Romano et al.
2019a, 2020). Below [O/H] = —2, the data are too scarce to draw
any meaningful conclusions, although the cubic polynomial fit shows
an upturn in [C/O] at the lowest [O/H] due to the most metal-poor star.
This upturn has also been noticed in other works; e.g. in damped Ly «

abundance, and the data by the O abundance measured in the Sun assuming
no depletion. We refer the reader to Draine (2011) for a detailed discussion
of C and O abundances in different components of the Galaxy.
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absorbers (Akerman et al. 2005; Cooke, Pettini & Jorgenson 2015;
Cooke, Pettini & Steidel 2017) as well as EAGLE cosmological
simulations (Sharma et al. 2018). Some authors attribute it to
enrichment from Population III supernovae (Fabbian et al. 2009;
Salvadori & Ferrara 2012), while others argue for enrichment from
low-metallicity asymptotic giant branch (AGB) stars (Sharma et al.
2018). If this upturn were real, it would imply that [C/O] tends to
approach zero again at low [O/H], so the resulting M, at low [O/H]
would be similar to that reported in Sharda & Krumholz (2022); e.g.
M, ~ 20Mg at [O/H] = —3.

Before we present the results from the model, a key question to
address here is whether the [C/O] ratios that Amarsi et al. (2019¢)
find are representative of the [C/O] ratio of the ISM out of which
these stars formed (e.g. Bonifacio et al. 2015), because our IMF
models use ISM abundances. Given that all the stars in this sample
are C-normal ([C/Fe] < 40.7; see Amarsi et al. 2019c, fig. 11), it
is not likely that C was accreted later on due to mass transfer by
a companion (as is the case for s process-rich CEMP-s stars; see
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Abate et al. 2015 and Arentsen et al. 2019). Moreover, these main-
sequence stars have not undergone any helium burning, precluding
any intrinsic enhancement of C on the stellar surface. Thus, we can
safely assume that the C abundances measured in these stars reflect
the intrinsic ISM C abundance out of which they were born. Another
category of CEMP stars is called CEMP-no, which do not show an
enhancement in s-process elements (e.g. Yoon et al. 2016; Arentsen
et al. 2019). A fraction of these stars is proposed to have evolved in
isolation (Yoon et al. 2019), so their [C/O] ratios should also reflect
the ISM [C/O] that they were born with (Bonifacio et al. 2015;
Hansen et al. 2016; Norris & Yong 2019; Lucey et al. 2022; Zepeda
et al. 2022). While the available O measurements in CEMP-no stars
suggest [C/O] ~ O (fig. 8, Frebel & Norris 2015), the scatter is quite
large, and for a large fraction of stars only O abundance limits are
available due to the reasons we mention above. Future observations
that focus on obtaining O abundances in CEMP-no stars is therefore
crucial to constraining their IMF.®

Using the best-fitting [C/O]-[O/H] relation, we produce the trends
in M.,—[O/H] at low and high pressures. The bottom panels of Fig. 7
show the results. Not surprisingly, the trends in M.y, at high pressure
remain unaffected due to varying [C/O] as suggested by the data.
The only appreciable difference in M, for a varying [C/O] occurs
in models with low pressure and high density (blue curves in the
bottom-left panel). At low metallicity ([O/H] < —1), as compared
to the fiducial model with [C/O] = 0, we find that a varying [C/O]
produces M, higher by a factor <5. Additionally, the metallicity
([O/H]) where the IMF transitions from top- to bottom-heavy shifts
by somewhere between +0.4 and +1.1 dex; the exact location of the
transition is uncertain owing to the scatter present in the data, which
corresponds to the grey-shaded region around the dashed blue curve
in the bottom panel of Fig. 7. Interestingly, at high metallicity ([O/H]
> —1), we also find that the scatter in the data introduces uncertainty
in M, by a factor <2. While a factor of 2 variation in M, is not
substantial when M, is large, it can have measurable consequences
when M, is subsolar, because subsolar stars live for much longer.

Overall, the non-constant [C/O] as measured in metal-poor stars
would have influenced the IMF for the next generation of stars
in a low-pressure and high-density ISM. Additionally, in such an
environment, the data suggest that the transition to a bottom-heavy
IMF would occur later on, after the ISM was enriched to 1 dex
higher in O. However, a non-constant [C/O] would have had no
significant impact on the characteristic stellar mass if the ISM was
highly pressurized.

4.2 Insights from observations of metal-poor dwarf galaxies

Metal-poor dwarf galaxies are ideal laboratories to test variations in
the IMF since the physical conditions therein are quite different from
those in the Milky Way (e.g. Gennaro et al. 2018). The abundances
of nebular C and O have been measured in several metal-poor dwarf
galaxies using high-resolution UV spectroscopy (Garnett et al. 1995,
1999; Berg et al. 2016, 2019; Llerena et al. 2022). The collisionally
excited UV lines of C 111 and O 11I that are used to measure the [C/O]
ratio do not suffer from reddening since the interstellar extinction
is invariant over 1600-2000 A (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 « elements). However, at low [O/H], available
data suggest that Mg does not trace O very well. In fact, there is considerable
discrepancy in [O/Mg] at low [O/H] within different Galactic surveys (Buder
et al. 2021; Abdurro’uf et al. 2022; Hayes et al. 2022).
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2022). These lines are also largely insensitive to variations in the
physical conditions of the H1I regions. Additional measurements
have also been obtained using the optical recombination lines of C1I
and O 11 (Lépez-Séanchez et al. 2007; Esteban et al. 2009, 2014). The
resulting trends from the optical data are similar to that obtained
from UV lines (e.g. Esteban et al. 2014; Toribio San Cipriano et al.
2017); however, the abundances can differ by as high as 0.3 dex
(the so-called abundance discrepancy problem, see Garcia-Rojas &
Esteban 2007; Lépez-Sanchez et al. 2007). Additional uncertainty
can arise from ionization correction factors that are applied to take
into account the existence of other ionized states of C and O which are
not directly measured (Stasiniska 1978; Garnett et al. 1999; Esteban
et al. 2014; Berg et al. 2016).

The top panel of Fig. 8 shows measurements of the [C/O] ratio
as a function of [O/H] in 93 metal-poor dwarf galaxies that we
adopt from Berg et al. (2019), which includes data compiled from
various studies, including at redshifts (z) 2-3 (Pilyugin & Thuan
2005; Garcia-Rojas & Esteban 2007; Lopez-Sanchez et al. 2007;
Esteban et al. 2009, 2014; Erb et al. 2010; Christensen et al. 2012;
Bayliss et al. 2014; James et al. 2014; Stark et al. 2014; Steidel et al.
2016; Vanzella et al. 2016; Amorin et al. 2017; Berg et al. 2018;
Rigby et al. 2018)”. Note that these data are not corrected for the
depletion of C and O onto dust, largely due to uncertainties in the
chemical evolution of C in the diffuse and the ionized ISM at low
metallicities (Draine 2011; Sofia et al. 2011; Jenkins 2014). Some
authors argue for a correction factor due to dust depletion of ~0.1 dex
for both C and O at high metallicities (Peimbert & Peimbert 2010;
Esteban et al. 2014), which would leave the [C/O] ratio invariant to
dust depletion. However, this effect is proposed to be smaller at low
metallicities due to small extinctions (Berg et al. 2019).

In the top panel of Fig. 8, we also overplot the empirical relation
developed by Nicholls et al. (2017) based on scaling relations using
stellar and gas-phase abundances data:

[C/0] = log,, [loec 4 1010g|o(0/H)+fc] , 3)

where ec = —0.8 and fc =2.72. The data show a trend where [C/O] is
roughly constant for [O/H] < —0.7, and linearly increases with [O/H]
otherwise (Nicholls et al. 2017). However, given the uncertainty
and the scatter in the measurements, the trend can be equally well
described by a monotonically increasing function in [O/H] (Garnett
et al. 1995). The former has been interpreted to reflect the primary
production of C at low [O/H] from intermediate-mass stars, and a
pseudo-secondary production at high [O/H], possibly from winds
of M, > 10Mg stars, while the latter reflects the possibility of
pseudo-secondary C production down to the lowest measured [O/H].
Nonetheless, it is clear that the average [C/O] < 0O for the range of
[O/H] covered by the data. A negative [C/O] could also be shaped by
dwarf galaxies preferentially losing oxygen in galactic outflows, as
predicted by both the theory of ISM metallicity (Mac Low & Ferrara
1999; Dalcanton 2007; Robles-Valdez et al. 2017; Emerick et al.
2018; Romano et al. 2019b; Sharda et al. 2021a, c¢) and observations
of galactic outflows in dwarf galaxies (Chisholm et al. 2018; Lopez
et al. 2020; Cameron et al. 2021).

We use the empirical relation of Nicholls et al. (2017) to predict
variations in My, for the four canonical models with low/high pres-
sures and effective velocity dispersions (or densities). To encapsulate
the scatter present in the data, we simply change the resulting [C/O]

7Similar to the stellar data we use in Section 4.1, the Berg et al. (2019) data
are normalized to a solar C abundance of 12 + log;, C/H = 8.43 and solar
O abundance of 12 4 log; O/H = 8.69 (Grevesse et al. 2010).
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Figure 8. Same as Fig. 7 but for gas-phase (ISM) measurements from H1I 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.

by +0.4 dex at all [O/H], as shown with the grey-shaded region in the
top panel of Fig. 8. The bottom panel of Fig. 8 presents the results,
which are qualitatively similar to what we find in Section 4.1 (Fig. 7)
from observations of metal-poor stars. As in Section 3, we see that
a varying [C/O] only impacts the model with low pressure and high
density (blue curves in the bottom-left panel). The consequence of
a varying [C/O] ratio according to the Nicholls et al. relation is
that M, can be larger by a factor <7 compared to the default case
where C and O scale together. Additionally, we also see that the
IMF does not transition to bottom-heavy until the gas-phase oxygen
abundance exceeds 7.5 on the absolute scale (or [O/H] > —1.2). This
is considerably different from the case where C and O scale together,
and the IMF transitions to bottom-heavy at an oxygen abundance
that is smaller by an order of magnitude. This is further complicated
by the scatter present in the data, as the grey-shaded band in the
bottom panel of Fig. 8. The impact of the observed trends in [C/O]
as a function of [O/H] remains negligible at high pressures.

Thus, we find that the non-zero [C/O] ratio in metal-poor dwarf
galaxies can have a strong impact on the characteristic stellar mass
of IMF in a low-pressure but dense ISM. However, it does not have
an appreciable impact on the IMF if the ISM is highly pressurized.
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Measurements of the [C/O] ratio in galaxies with metallicities 7 <
12 4 log,, O/H < 7.7 are highly desirable to constrain the transition
of the IMF from top- to bottom-heavy.

5 CONCLUSIONS AND FUTURE OUTLOOK

There is compelling evidence for a non-solar scaling of the abundance
of carbon with respect to oxygen in metal-poor environments.
Specifically, observations find that the [C/O] ratio linearly changes
with [O/H] at high metallicities, but flattens out at low [O/H], possibly
also 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.
2019c; Berg et al. 2019). While there has been immense work carried
out to reproduce the observed [C/O]-[O/H] relation in metal-poor
stars as well as metal-poor dwarf galaxies using IMF variations, the
impact of the C and O abundances on the IMF has been largely
unexplored.

In this work, we extend the calculations of collapsing dusty
molecular clouds undergoing protostellar radiation feedback across a
wide range of pressures, densities, and metallicities from primordial
to supersolar (Sharda & Krumholz 2022). We particularly emphasize
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the impacts of non-zero (or non-solar-scaled) [C/O] ratio on the char-
acteristic stellar mass (or the peak mass, M.y,) of the IMF at low [O/H].
We find that as long as the ISM pressure is high, P /kg = 10 Kcm™3,
typical of superstar clusters and starburst galaxies, a non-constant
[C/O] has no impact on M., because dust completely dominates
the thermodynamics of collapsing gas even at metallicities as low as
[O/H] = —3, beyond which molecular H, takes over as the dominant
gas coolant. A varying [C/O] ratio also does not seem to matter for
the case where the ISM pressure is low, P /kg = 10* Kcm™3, typical
of main sequence star-forming galaxies, so long as the density is also
low, or equivalently the cloud velocity dispersion is high.

Nonetheless, in the regime of pressure and gas density/velocity
dispersion characteristic of giant molecular clouds in local galaxies,
a varying [C/O] ratio significantly impacts M,. Using the observed
trends in [C/O] as a function of [O/H] from two distinct sources —
metal-poor stars in the Milky Way (Amarsi et al. 2019¢) and metal-
poor dwarf galaxies (Berg et al. 2019) — we show that the resulting
M., implied by these trends can be different by a factor <7 at —3 <
[O/H] < —1. This is due to the reduction in the overall gas cooling
rate due to low C abundances as compared to O. Additionally, the
metallicity at which the IMF transitions from top- to bottom-heavy
(i.e. where M.y, decreases from > 1 to < 1 Mg,) also shifts to higher
[O/H] by ~1 dex. These results are rather insensitive to the choice
of the chemical state of C and O in the ISM, or the adopted scaling
of the dust-to-metal ratio with [O/H].

Thus, we find that the abundances of C and O significantly
impact the IMF at low metallicities where cooling provided by
fine structure metal lines dominates gas thermodynamics, at least
in the case where the ISM pressure is low and density is high. Our
results support the hypothesis that fine structure cooling by C and O
lines plays a key role in the transition from Population III to II star
formation (Bromm & Loeb 2003; Frebel et al. 2007). This finding
also has potential consequences for the origin of CEMP-no stars;
however, measurements of O abundance in these stars are needed.
A characteristic IMF mass of 1—-10Mg at —2.5 < [O/H] < —1.5
implies an overabundance of AGB stars that can re-enrich the metal-
poor 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),
potentially even driving [C/O] > 0 for the subsequent generation of
star formation (e.g. CEMP-no stars). Note, however, that our models
are restricted to predicting changes in the characteristic mass of the
IMF, and not its entire functional form. It is possible that the slope
at the high-mass end of the IMF is also impacted by a varying [C/O]
ratio at low [O/H], an avenue we plan to investigate in future work.

Finding the IMF and the elemental abundances is an iterative
process, since both impact each other in numerous ways. Given
the new era of discoveries of very high-redshift galaxies by JWST
with measurements of ISM abundances (e.g. Adams et al. 2022;
Tacchella et al. 2022; Katz et al. 2023), it is now more important
than ever to self-consistently model the IMF and the ISM abundances
to correctly predict the yields of different elements (Krumholz et al.
2015), figure out dominant nucleosynthesis and feedback channels at
low metallicities (Kobayashi et al. 2020), interpret metal distribution
and ionization budget in the ISM (Sharda et al. 2021a), fit spectral
energy distribution models to integrated galaxy spectra (Bellstedt
et al. 2020), and more broadly, investigate star formation and metal
enrichment in diverse, metal-poor environments.
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