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ABSTRACT

We use state-of-the-art chemical models to track the cosmic evolution of the CNO isotopes in
the interstellar medium (ISM) of galaxies, yielding powerful constraints on their stellar initial
mass function (IMF). We re-assess the relative roles of massive stars, asymptotic giant branch
(AGB) stars and novae in the production of rare isotopes such as 13C, 15N, 17O and 18O, along
with 12C, 14N and 16O. The CNO isotope yields of super-AGB stars, novae and fast-rotating
massive stars are included. Having reproduced the available isotope enrichment data in the
solar neighbourhood, and across the Galaxy, and having assessed the sensitivity of our mod-
els to the remaining uncertainties, e.g. nova yields and star-formation history, we show that
we can meaningfully constrain the stellar IMF in galaxies using C, O and N isotope abun-
dance ratios. In starburst galaxies, where data for multiple isotopologue lines are available,
we find compelling new evidence for a top-heavy stellar IMF, with profound implications for
their star-formation rates and efficiencies, perhaps also their stellar masses. Neither chemi-
cal fractionation nor selective photodissociation can significantly perturb globally-averaged
isotopologue abundance ratios away from the corresponding isotope ones, as both these pro-
cesses will typically affect only small mass fractions of molecular clouds in galaxies. Thus
the Atacama Large Millimetre Array now stands ready to probe the stellar IMF, and even the
ages of specific starburst events in star-forming galaxies across cosmic time unaffected by the
dust obscuration effects that plague optical/near-infrared studies.

Key words: nuclear reactions, nucleosynthesis, abundances – Galaxy: abundances – Galaxy:
evolution – galaxies: star formation – stars: luminosity function, mass function.

1 INTRODUCTION

Measurements of isotope abundances and abundance ratios allow

us to perform key tests of mixing mechanisms inside stars, and

provide powerful diagnostics of chemical enrichment in galax-

ies across cosmic time. Some carry valuable information about

the state of the early Universe, which can be used to probe fun-

damental physics. Determinations of the 6Li/7Li ratios in metal-

poor stars (Cayrel et al. 2007; Garcı́a Pérez et al. 2009; Lind et al.

2013), for instance, constrain Big Bang nucleosynthesis theories

(Cyburt et al. 2016) and the degree of 7Li depletion possible in

Galactic halo stars (Spite & Spite 2010). The CNO isotope ra-

tios measured in presolar grains (Clayton & Nittler 2004; Zinner

⋆ E-mail: donatella.romano@oabo.inaf.it

2014) and in the atmospheres of evolved stars (Gratton et al. 2000;

Smiljanic et al. 2009, and references therein) can be compared to

expectations from stellar evolution and nucleosynthesis models to

shed light on the nature of non-standard mixing processes act-

ing on the giant branches (see Charbonnel 1994; Wasserburg et al.

1995; Charbonnel & Zahn 2007; Palmerini et al. 2009, among oth-

ers). Peculiar isotopic features in C-rich grains can be explained by

considering the effects of hydrogen ingestion into the helium shell

of core-collapse supernovae before the shock hits the outer layers

(Pignatari et al. 2015). Beginning with Boesgaard (1968), magne-

sium isotope abundances have been measured in stars in order to

provide insights into the production sites of the two minor, neutron-

rich isotopes, 25Mg and 26Mg. Last but not least, measurements of

barium (Gallagher et al. 2015, and references therein), europium,

samarium and neodymium isotope ratios in stars (Roederer et al.

c© 2017 The Authors

http://arxiv.org/abs/1704.06701v2


2 D. Romano et al.

2008) allow us to establish whether the dominant formation process

is slow or rapid neutron capture by heavy seed nuclei, thus con-

tributing significantly to our understanding of how neutron-capture

elements are created in galaxies.

In principle, large samples of stars with precise chemical

abundances over the full range of plausible metallicities should

provide a complete fossil record of the history of chemical enrich-

ment for their host galaxies (provided the data are corrected for

stellar evolutionary effects when needed; see Placco et al. 2014).

Alongside accurate determinations of stellar ages, distances and

kinematics, abundance data can meaningfully constrain models

of galaxy formation and evolution (Freeman & Bland-Hawthorn

2002; Ivezić et al. 2012). However, when it comes to the determina-

tion of isotopic abundance ratios in stars, very high-resolution, high

signal-to-noise spectroscopic data are invariably needed, which

severely limits current observational studies. It is then useful to

turn to measures of the gas-phase isotopic abundances in inter-

stellar clouds, which enables us to look significantly further afield.

On the other hand, each observation provides merely a snapshot in

time, and information about the temporal sequence of events that

led to the observed configuration is thus missing. Based on these

diagnostics, however, crucial information on the present-day gra-

dients of 12C/13C, 14N/15N, 16O/18O and 18O/17O across the Milky

Way disc can be obtained (Wilson & Rood 1994).

Indeed, in the era of the Atacama Large Millimetre Array

(ALMA) it has become possible to peer back to the epoch when

gas-rich galaxies dominated the Universe, at z > 1, which should

lead to a better understanding of the evolutionary links between

these galaxies and their descendents. Exploiting isotopologue line

intensity ratios as probes of the corresponding elemental isotope

ratios will open a new window onto the isotope enrichment his-

tory of the Universe across cosmic epoch. Such observations were

already plentiful in the local Universe, even before ALMA (e.g.

Sage et al. 1991; Casoli et al. 1992; Henkel & Mauersberger 1993;

Aalto et al. 1995; Papadopoulos et al. 1996; Paglione et al. 2001;

Greve et al. 2009), and now extend out to z ∼ 3 (Henkel et al.

2010; Spilker et al. 2014, Zhang et al., in preparation). Even more

importantly, isotopologue line ratios are the only probe of isotope

ratios that are unaffected by dust extinction, as isotopologue lines

(e.g. 12CO, 13CO, C18O, H13CN, HC15N rotational transitions) are

found in the millimetre/submillimetre (submm) regime. Besides

the obvious advantage of a method insensitive to dust extinction,

it is in the highly dust-enshrouded star-forming environments of

compact starbursts (e.g. Ikarashi et al. 2015; Simpson et al. 2016)

where very different average initial conditions of star formation

(Papadopoulos 2010) can lead to a different stellar initial mass

function (IMF, see Papadopoulos et al. 2011). Yet it is exactly in

these dust-obscured galaxies where the stellar IMF is inaccessible

via standard methods (e.g. star counts) where the different isotope

enrichment of the interstellar medium (ISM) would provide the best

evidence for a different stellar IMF. In short, in the dust-obscured

environments of star-forming galaxies, isotope abundance ratios

provide the next best constraint on the prevailing stellar IMF, other

than starlight itself. This prevailing IMF is important to our un-

derstanding of galaxy evolution since it is a key ingredient of the

recipes used to determine the instantaneous star-formation rate, for

example, where extrapolations are made from the number of mas-

sive stars to the total mass of stars. The evolution of galaxies is of-

ten explored in the observational framework of the so-called ‘main

sequence’ (e.g. Elbaz et al. 2011), plotted usually as star-formation

rate versus stellar mass. Where both measurements are sensitive to

the IMF, the implications may be profound.

In past years many theoretical efforts (including

Audouze et al. 1975; Dearborn et al. 1978; Tosi 1982;

Matteucci & D’Antona 1991; Wilson & Matteucci 1992;

Timmes et al. 1995; Prantzos et al. 1996; Fenner et al. 2003;

Romano & Matteucci 2003; Chiappini et al. 2008; Hughes et al.

2008; Kobayashi et al. 2011) have been devoted to the evolution

of isotope ratios in the Galaxy. Hughes et al. (2008) also discuss

observations of carbon and sulphur isotopes in a spiral galaxy and

a damped Lyα system at z ∼ 1. Although there is no doubt that

progress has been made, some questions remain unanswered. For

example, we know that 12C is produced as a primary element in

stars (i.e. starting from the original H and He; Burbidge et al. 1957)

and that the relative contributions from low- and intermediate-mass

stars and from massive stars change with time and position within

the Galaxy (e.g. Akerman et al. 2004); the actual proportions are

still debated, however.

Regarding 14N, it has been acknowledged for a long time that

significant primary nitrogen production is needed to explain obser-

vations of low-metallicity systems (e.g. Edmunds & Pagel 1978;

Matteucci 1986). The physical process responsible for this pro-

duction remained elusive for decades, until very low-metallicity,

fast-rotating massive star models proved able to convert part of

the freshly made 12C into primary 14N (and 13C), quite effi-

ciently, because of rotation-induced mixing between the convec-

tive hydrogen shell and the helium core (Meynet & Maeder 2002a;

Chiappini et al. 2008). However, chemical evolution models that

adopt 14N yields from fast-rotating stellar models still predict

a much lower nitrogen abundance in the ISM than observed in

the metallicity range −2.5 < [Fe/H] < −1.5 (Chiappini et al.

2006; Romano et al. 2010). In intermediate-mass stars climbing

the asymptotic giant branch (AGB), proton-capture nucleosynthe-

sis leads to primary 14N (and 13C) production if the base of the

convective envelope becomes hot enough (a process referred to as

hot bottom burning; see Iben 1975). Moreover, a large fraction of
14N is synthesised as a secondary element, at the expense of 12C,

through the CN cycle in stars of all masses and –at a much slower

rate– at the expense of 16O in the ON cycle. Adding these contribu-

tions, however, does not help to solve the aforementioned problem.

Another outstanding issue is that of 15N evolution. Novae have

been identified as 15N polluters on a Galactic scale (Dearborn et al.

1978; Matteucci & D’Antona 1991; Romano & Matteucci 2003),

but observations of low 14N/15N at high redshift (Muller et al. 2006)

suggest an additional production channel, possibly hydrogen inges-

tion in the helium shell of massive stars (Pignatari et al. 2015).

The synthesis of 16O in stars, on the other hand, is well under-

stood, both qualitatively and quantitatively, and chemical evolution

models can fit the relevant data, regardless of the specific set of

yields adopted (see figure 8 of Romano et al. 2010). The less abun-

dant, neutron-rich oxygen isotopes, 17O and 18O, are made as sec-

ondary elements by the CNO cycle during hydrogen burning and

by α-captures on 14N during helium burning, respectively. While

intermediate-mass stars, massive stars and novae all contribute sig-

nificantly to 17O production, the situation for 18O is less clear; it

seems, in fact, that intermediate-mass stars destroy 18O rather than

produce it.

In this work, we focus on the evolution of the CNO isotopes

in the ISM of galaxies –those associated with the most abundant

molecule after H2, namely carbon monoxide (CO). First, we re-

assess the relative roles of massive stars, AGB stars and novae in the

production of the rare isotopes 13C, 15N, 17O and 18O on a Galactic

scale, in the light of newly published stellar yields and more re-

cent isotopic abundance determinations in the Milky Way. Second,

MNRAS 000, 1–15 (2017)
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we discuss how new measurements of 12C/13C and 16O/18O ratios

in starburst galaxies can constrain their stellar IMF. We stress that

these constraints on the stellar IMF are ultimately set by the stel-

lar physics underlying the chemical evolution model, and as such

are extremely powerful, regardless of remaining uncertainties. In

this work we examine these uncertainties, focusing on the assumed

stellar yields, star-formation histories and the astrochemical effects

on molecules, such as fractionation and selective photodissociation.

These two effects, if widespread, could in principle prevent us from

directly deducing isotope abundance ratios from the corresponding

isotopologues. In the age of ALMA, numerous isotopologue line

ratios can now be measured for the molecular gas of dust-obscured

galaxies, where there is no hope of measuring the stellar IMF di-

rectly via star counts or integrated starlight, leaving these ratios as

the next best thing for constraining the IMF (Papadopoulos et al.

2014).

The paper is organised as follows: in §2, we review the avail-

able data. In §3, we briefly describe the chemical evolution models.

In §4, we present the model results and compare them to data for

both the Milky Way (§4.1) and other galaxies (§4.2), with special

emphasis on intense starburst galaxies. We discuss our findings and

conclusions in §5.

2 OBSERVATIONAL DATA

2.1 Milky Way galaxy

The 12C/13C ratio does not display significant variability within

the Solar System; we adopt the value inferred from CO infrared

lines in the solar spectrum using 3D convection models (91.4±1.3;

Ayres et al. 2013) as indicative of the ISM composition in the so-

lar vicinity 4.5 Gyr ago. Observations of CO, H2CO (taken from

the compilation of Wilson & Rood 1994), CO2 (from Boogert et al.

2000) and CN (Savage et al. 2002; Milam et al. 2005) and their
13C-bearing isotopologues are used to trace the behaviour of the
12C/13C ratio across the disc of the Galaxy at the present time.

The gradients derived from CO and CN agree closely, which,

together with the lack of correlation of the ratios with gas ki-

netic temperature, Tkin, suggests that the effects of chemical frac-

tionation and isotope-selective photodissociation are negligible

(Milam et al. 2005). Indeed there are simple reasons why these

two astrochemical effects cannot significantly perturb isotopologue

abundance ratios from the corresponding isotopic ratios for the bulk

of the molecular gas reservoir in galaxies, which we briefly outline

in §2.3.

The 12C/13C ratios derived from both H2CO and CO2 tend

to be higher than those derived from other tracers (Boogert et al.

2000). The carbon isotope ratio varies significantly in the local

ISM; we take the average value of 12C/13C = 68± 15 suggested by

Milam et al. (2005) as typical of the local ratio. It is worth noting

that because of the significant heterogeneity in interstellar carbon

isotope ratios, it is unclear whether the solar value is truly repre-

sentative of the average local 12C/13C ratio 4.5 Gyr ago. On top of

that, the Sun might have migrated to its current position from a

birthplace closer to the Galactic Centre (Wielen et al. 1996) and its

composition could thus reflect chemical enrichment occurring on

faster time scales. Measurements of 12C/13C ratios in statistically

significant samples of nearby dwarf stars would usefully constrain

the models, but they are challenging. In brighter, giant stars, on the

other hand, mixing may have altered the original abundances. In

this paper, we use 12C/13C data from Spite et al. (2006) for a sam-

ple of ‘unmixed’ halo giants, i.e. stars lying mostly on the low red

giant branch where the original CNO abundances were likely unal-

tered by mixing processes.

The nitrogen isotope ratio presents extreme variations among

different Solar System objects (e.g. Füri & Marty 2015); we adopt

as a proxy for the proto-solar nebula the estimate for the bulk Sun

from Marty et al. (2011), namely 14N/15N = 441 ± 6. Consider-

ations discussed in the previous paragraph about the representa-

tiveness of the solar 12C/13C ratio also apply to the 14N/15N ratio.

Accurate measurements of the 14N/15N ratios toward warm molec-

ular clouds spanning a range of Galactocentric distances have been

obtained by Adande & Ziurys (2012) from millimetre-wave ob-

servations of rotational lines of CN and HNC and their isotopo-

logues. Direct (from CN, correcting for opacities when needed)

and indirect (from HNC, using the 12C/13C ratios previously es-

tablished by Milam et al. 2005, for each source) determinations

yield the same gradient, within the uncertainties. The 14N/15N ra-

tios derived by Adande & Ziurys (2012), however, are systemat-

ically lower than those obtained by Dahmen et al. (1995) from

H13CN/HC15N data, likely because of the use of 12C/13C ratios

from H2CO in Dahmen et al. (1995). Indeed, scaling the HCN data

of Dahmen et al. (1995) with 12C/13C ratios from CN yields HCN

values that agree with those from the other indicators, within the

uncertainties (see figure 3 of Adande & Ziurys 2012). It is worth

noting that, while Romano & Matteucci (2003) had to offset their

model predictions to match Dahmen et al. (1995) data, the new es-

timates of the 14N/15N ratio across the Galaxy by Adande & Ziurys

(2012) make such a correction unnecessary. The mean local ISM

value suggested by Adande & Ziurys (2012), 14N/15N = 290 ± 40,

agrees with that measured in nearby diffuse clouds from CN ab-

sorption lines in the optical (274±18; Ritchey et al. 2015).

We adopt the solar photospheric ratios 16O/18O = 511 ± 10

and 18O/17O = 5.36 ± 0.34 from Ayres et al. (2013) as indicative

of the local ISM composition 4.5 Gyr ago. A radial 18O/17O gradi-

ent is suggested by Wouterloot et al. (2008), who combine obser-

vations of different CO transitions in Galactic sources covering the

Galactocentric distance range 0 < RGC/kpc < 17. Their finding

is further supported by recent independent analysis and observa-

tions by Li et al. (2016). Ratios of 16O to 18O across the disc are

taken from the compilation of Wilson & Rood (1994), from OH

data of Polehampton et al. (2005), and derived by combining the

CO data from Wouterloot et al. (2008) with the 12C/13C gradient

from Milam et al. (2005) following Young et al. (2011).

2.2 Other galaxies

CNO isotopic abundances can be precisely measured on the Earth

and in the Sun. However, they are more difficult to obtain in the

Galactic ISM and –even more so– in the extragalactic ISM, due

to the limits of past observational capabilities and the high opti-

cal depths of the molecular lines of the most abundant isotopo-

logues. Because of past sensitivity limitations, measurements of

the extragalactic isotopic CO transitions have been limited to lo-

cal gas-rich and metal-enriched galaxies (e.g. Paglione et al. 2001;

Costagliola et al. 2011; Tan et al. 2011; Davis 2014). With the help

of gravitational lensing, which can greatly amplify the flux densi-

ties, isotopic lines at z > 2 have now been measured in a few cases

(Muller et al. 2006; Henkel et al. 2010; Danielson et al. 2013).

Isotopic abundances are difficult to derive from the measured

molecular lines, especially for the 12C-bearing species, which are

the most abundant and thus their transitions have the highest opaci-

ties. Observed line ratios do not translate directly to the abundance

ratios –one needs to correct for the unknown optical depths. As

MNRAS 000, 1–15 (2017)
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Table 1. 12CO/13CO, 12CO/C18O and 13CO/C18O abundance ratios for external galaxies, compiled from the literature.

Name Type Redshift SFRa 12CO/13CO 12CO/C18O 13CO/C18O Method Referencesb

(M⊙ yr−1)

SPT stackingc SMG 3.0 500–2,000 100–200 > 100–200 > 1 (3σ) LVG modeling 1

Cloverleaf QSO 2.5579 1,000 300–10,000 – – LVG modeling 2, 3

MA2.53 DLA 2.525 – > 40 – – Optical absorption 4

Eyelashd SMG 2.3 400 100e 100 0.8 LVG modeling 5

MA1.15 DLA 1.15 – > 53 (3σ) – – Optical absorption 6

MA0.89 Spiral 0.89 – 27 ± 2 52 ± 4 1.9 Absorption + LVG modeling 7

MA0.68 Spiral 0.68 – 38 ± 5 ∼ 80 ∼2 Absorption + LVG modeling 8

Mrk 231 ULIRG 0.042170 100 100 100 1.0 CN modeling 9

NGC 6240 ULIRG 0.0245 100 300–500 – 1.6 LVG modeling 10, 11

Arp 193 ULIRG 0.023299 100 ∼ 150 – – LVG modeling 10

VV 114 LIRG 0.020067 48 229 – – LVG modeling 12

Arp 220 ULIRG 0.018126 220 – 70–130 1.0 OH and H2O absorption 13

Arp 220 ULIRG 0.018126 220 – > 80–100 1.0 Line ratio limits 14

NGC 1614 LIRG 0.015938 41 130 – >6.6 LVG modeling 15

LMC Dwarf 0.000927 one clump 49 2000 27±9 LVG modeling 16, 17

NGC 253 LIRG 0.000811 2.8 > 56 145 ± 36 2.6 Line ratio limits + CN modeling 18, 9, 19

M 82 LIRG 0.000677 4.6 > 138 > 350 2.2-3.7 Line ratio limits + CN modeling 18, 20, 21

NGC 1068 LIRG 0.003793 25 – – 3.33 22

NGC 1614 LIRG 0.015938 55 >36.5 > 80 > 2.2 23

NGC 4945 LIRG 0.001878 < 7.8 >17 > 61 3.6 24

Cen A Radio 0.001825 0.16 17 > 56 > 3 Absorption + modeling 25, 26

NGC 2903 Normal 0.001834 2.7 > 10 – > 7 (3σ) 27

IC 860 LIRG 0.011164 25 > 20 > 20 1 28

NGC 3079 Normal 0.003723 9.3 > 17 > 91.5 5.4 28

NGC 4194 LIRG 0.008342 20 > 18.7 > 47 > 2.5 28

NGC 7469 LIRG 0.016317 67 > 21 > 142 6.8 28

NGC 7771 LIRG 0.014267 38 > 14 > 65 4.7 28

NGC 660 Normal 0.002835 5.3 > 17 > 46 6.9 28

NGC 3556 Normal 0.002332 4 > 12.5 > 161 12.9 28

NGC 7674 LIRG 0.028924 54 > 14.5 > 40 2.8 28

UGC 2866 Radio 0.004110 8 > 21 > 120 5.8 28

Circinus Normal 0.001448 8 > 13 > 54 5.1 29, 30, 31

IC 10 Normal −0.001161 0.2 > 7 > 100 (3σ) > 15 32, 33

IC 342 Normal 0.000103 2.5 > 10 > 70 3-7 34

M 51 Normal 0.002000 4.5 > 10 > 46 4.5 35

Maffei 2 Normal −0.000057 0.26 > 10 > 43 4.3 36

NGC 1808 Normal 0.003319 8.8 > 17 > 49 3 37

NGC 3256 LIRG 0.009354 63 > 33 > 135 4 37

NGC 7552 LIRG 0.005365 18 > 14 > 35 3 37

NGC 4826 Normal 0.001361 0.2 > 8 > 21 4 37

NGC 2146 LIRG 0.002979 20 > 12.5 > 36 3 37

NGC 4418 LIRG 0.007268 20.7 – – 8.3 38

IRAS 04296+2923 starburst Normal 0.007062 16 > 21 > 94 3.7 39

IRAS 04296+2923 CNZ Normal 0.007062 16 > 16 > 45 1.7 39

NGC 6946 Normal 0.000133 2.5 > 13.3 > 21 2.5 40

Notes. a The star-formation rates are from standard IMFs. b 1: Spilker et al. (2014); 2: Henkel et al. (2010); 3: Lutz et al. (2007); 4: Noterdaeme et al. (2017);

5: Danielson et al. (2013); 6: Levshakov et al. (2006); 7: Muller et al. (2006); 8: Wallström et al. (2016); 9: Henkel et al. (2014); 10: Papadopoulos et al.

(2014); 11: Pasquali et al. (2004); 12: Sliwa et al. (2013); 13: González-Alfonso et al. (2012); 14: Martı́n et al. (2011); 15: Sliwa et al. (2014); 16: Wang et al.

(2009); 17: Heikkilä et al. (1998); 18: Martı́n et al. (2010); 19: Harrison et al. (1999); 20: Mao et al. (2000); 21: Tan et al. (2011); 22:

Papadopoulos & Seaquist (1999); 23: König et al. (2016); 24: Curran et al. (2001); 25: Espada et al. (2010); 26: Salomé et al. (2016); 27: Muraoka et al.

(2016); 28: Costagliola et al. (2011); 29: Zhang et al. (2014); 30: Davis (2014); 31: For et al. (2012); 32: Nishimura et al. (2016); 33: Yin et al. (2010); 34:

Meier & Turner (2001); 35: Watanabe et al. (2014); 36: Meier et al. (2008); 37: Aalto et al. (1995); 38: Costagliola et al. (2015); 39: Meier et al. (2014); 40:

Meier & Turner (2004). cStacking results of the strongly lensed SMGs found by the South Pole Telescope (SPT) survey. All galaxies have been shifted to

z = 3. The C18O lines only have a 3-σ upper limit, while the 13CO lines were detected at the ∼3-σ level. The infrared (IR) luminosity is LIR = 4.2 × 1013 L⊙
which translates to a star-formation rate, SFR ≃ 6000 M⊙ yr−1. However, these are lensed systems, therefore the inferred SFRs have been scaled down using a

suitable magnification factor. dWe adopt the best-fitting results over the whole galaxy. The uncertainty is large (see figure 7 of Danielson et al. 2013).
eDanielson et al. (2011) report a 3-σ limit 12CO/13CO > 60.

MNRAS 000, 1–15 (2017)
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a result, the 12C/13C and 16O/18O abundance ratios from the line

ratios are often significantly underestimated. The most straightfor-

ward method to derive the optical depths and obtain the isotopic

abundance ratios uses the line ratios between the optically thin

double isotopologue (e.g. 13C18O) and a single isotopic molecular

line (e.g. C18O) of the same quantum transition. However, should

the isotopologue line (e.g., C18O) not be completely optically thin,

would mean an underestimate of the derived 12C/13C abundance ra-

tio. Moreover, the emission lines from the double isotopologues are

so weak that it has only been possible to detect them in a few bright

targets, even with the most sensitive radio telescopes (e.g. M 82,

NGC 253; Martı́n et al. 2010). ALMA will improve this situation

considerably, but a large survey of nearby normal galaxies, or high-

redshift star-forming galaxies, will remain difficult, unless lensed

objects are used in the later case.

A second method derives the abundance ratios using the ab-

sorption features of molecular isotopologues against strong ra-

dio continuum sources. This is perhaps the most accurate method

to derive the column densities from the measured equivalent

widths, as measured directly from the isotopologues. This method

is also insensitive to distance and angular resolution. Its main

drawback, however, is that a very strong background source is

needed. Only the combination of galactic ISM in the line of

sight to the brightest radio-loud quasars, or very strong contin-

uum emission from the target itself, is adequate for such studies.

This method has been used to measure the diffuse ISM in our

Milky Way galaxy (e.g. Lucas & Liszt 1996, 1998), local galax-

ies (e.g. González-Alfonso et al. 2012) and a few distant galax-

ies (e.g. Wiklind & Combes 1995, 1996; Muller et al. 2014). Tar-

gets lending themselves to such studies are thin on the ground be-

cause of the rare configuration requirements. Optical observations

of Damped Lyman-α system (DLA) absorbers also present the abil-

ity to probe isotopologue ratios in high-z objects (Levshakov et al.

2006; Noterdaeme et al. 2017).

A third method requires two steps, deriving the optical depths

and the abundance ratios separately using the N-bearing molec-

ular line. Most often, 13CN, 12CN N = 1 − 0 and its hyperfine

structure lines are observed, and the optical depth of 12CN is de-

rived. Then the opacity-corrected 12CN is compared with the emis-

sion of 13CN, which is assumed to be optically thin. Their ratio

yields the 12C/13C abundance ratio, which can be further converted

to the 16O/18O ratio using observations of 13CO and C18O (e.g.

Savage et al. 2002; Milam et al. 2005). However, this method relies

on measurements of the CN molecule, which requires high-density

conditions (nCN 1−0
crit

∼ 104−5 cm−3; Shirley 2015) like those found in

the dense cores of star-forming regions, where optical depths are

also high. Furthermore, the assumption of an optically thin 13CO

may not always hold, as with the first method.

A fourth method models the average gas physical conditions

using multiple rotational transitions of the isotopologues and radia-

tive transfer models based on the large velocity gradient (LVG) ap-

proximation (Scoville & Solomon 1974; Goldreich & Kwan 1974)

or the mean-escape probability (MEP) approximation (Osterbrock

1989; Curran et al. 2001). This allows an estimate of the optical

depths of both the major and minor isotopologues, which allows

the appropriate correction of the observed line ratios to get the

abundance ratios. It is much easier to obtain multiple transitions

of CO isotopologues rather than for other even rarer molecules.

However, because of the degeneracy of the collisional coefficient

between density and temperature, C ∝ nH2
T

1/2

kin
, the degeneracy be-

tween molecular abundances and other gas properties (e.g. average

dV/dR) that set a given line optical depth, and the assumption of

uniformly distributed physical conditions in studied regions, the

uncertainty of the deduced abundance ratio can be considerable.

Moreover, in the case of the CO/13CO (or CO/C18O) line ratio, the

stronger radiative trapping expected for the much more abundant

CO than for 13CO can also play some role in boosting their values

in some galaxies in addition to enhanced global CO/13CO abun-

dances in their ISM (e.g., Aalto et al. 1995).

In Table 1 we list the abundance ratios published in the lit-

erature. There are many detections of a single transition of 13CO

in galaxies, both in their centres and in the off-nuclear arm/disc

regions (e.g. Paglione et al. 2001; Tan et al. 2011; Davis 2014). In

this study, we adopt only the abundance ratios; we neglect the line

ratios which, in principle, could be used to set the lower limits.

2.3 From isotopologue to isotope abundance ratios: the road

is now clear

The first detections of isotopologue 13CO and C18O line emission

in the Galaxy (Penzias et al. 1971) were soon followed by numer-

ous detections of other, more distant galaxies (Encrenaz et al. 1979;

Rickard & Blitz 1985; Young & Sanders 1986; Sage & Isbell

1991; Wall et al. 1993; Aalto et al. 1995; Papadopoulos et al. 1996;

Papadopoulos & Seaquist 1998; Paglione et al. 2001). This facil-

itated the use of isotopologue abundance ratios as direct mea-

sures of isotope abundance ratios in the ISM of other galaxies

(see Langer & Penzias 1993, for Galactic studies of the 13CO,
12CO isotopologues). It was this new observational capability, and

the discovery that 12CO/13CO intensity ratios are typically much

larger in extreme merger/starburst galaxies than in ordinary star-

forming spirals (Casoli et al. 1992; Henkel & Mauersberger 1993;

Henkel et al. 1993; Aalto et al. 1995; Papadopoulos & Seaquist

1998) which triggered investigations into whether or not isotopo-

logue abundance ratios translate directly to isotopic ratios (e.g.

[12CO/13CO] = [12C/13C]).

Two astrochemical effects stand in the way of obtaining an

isotope abundance ratio from the corresponding isotopologue abun-

dance ratio, namely: 1) selective photodissociation of the rarer

isotope (Casoli et al. 1992) and 2) isotope chemical fractiona-

tion (Langer et al. 1984; Röllig & Ossenkopf 2013). The first op-

erates in the far-ultraviolet (FUV)-illuminated, warm outer lay-

ers of molecular clouds (the so-called ‘photodissociation regions’,

PDRs); the second operates in the cold, FUV-shielded inner regions

of those molecular clouds. In past work selective photodissociation

of 13CO with respect to 12CO has been investigated as the cause

of the high 12CO/13CO intensity ratios in (ultra)luminous infrared

galaxies [(U)LIRGs], but found unlikely for large masses of their

molecular gas reservoirs (Casoli et al. 1992).

This can be shown for the metal-rich, high-pressure molecular

gas reservoirs expected in merger/starbursts such local (U)LIRGs

and distant submm-selected galaxies (SMGs). Indeed in such

metal-rich environments it can be shown that the H2 gas mass frac-

tion expected to be in PDRs (the only gas that could be affected by

selective photodissociation effects) is small, and thus can not per-

turb global isotopologue abundance ratios away from the elemental

isotopic abundance ratios. Indeed, following the method developed

in Papadopoulos et al. (2014, section 5.1, Equation 6),

fPDR ∼ 2 × [1 − (1 −
4Atr

v

3 < Av >
)3], (1)

where Atr
v = 1.086 ξ−1

FUVln[1 + ΦGFUV
0

k0/(nRf)] is the visual ex-

tinction corresponding to a transition (between Hi and H2) column
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density, ξFUV = σFUV/σV ∼ 2 − 3 is the dust cross section ratio

for FUV and optical lights, Φ = 6.6 × 10−6
√
πZ1/2ξFUV is the H2

self-shielding fraction over the Hi/H2 transition layer, GFUV
0

is the

PDR radiation field, k0 = 4 × 10−11s−1 is the H2 dissociation rate,

n is the average gas density, Rf ∼ 3 × 10−17cm−3 s−1, and Z = 1

(solar) is the metallicity.

We find the PDR gas mass fraction per cloud to be fPDR ∼
0.004–0.06 (H i+H2) for the metal-rich and high-pressure (and thus

high-density) molecular gas of (U)LIRGs. Even for less extreme

conditions, with n ∼ 5 × 103 cm−3, Tkin ∼ 20 K, Pe/kB ∼ 105 cm−3,

we obtain fPDR ∼ 0.11–0.17, of which only around half will be

molecular gas, and a smaller fraction still will be affected by se-

lective photodissociation of the rarer isotopologues. These small

gas mass fractions ensure that selective photodissociation cannot

play a major role for the bulk of the molecular gas found in dust-

enshrouded starbursts. Finally, the fact that cloud-volumetric heat-

ing processes such as cosmic rays (CRs) and/or X-rays rather than

(cloud surface)-heating FUV photons of PDRs seem to be respon-

sible for the average thermal state of molecular gas in LIRGs (e.g.,

Panuzzo et al. 2010; van der Werf et al. 2010; Papadopoulos et al.

2012; Indriolo et al. 2017), makes it even more unlikely that a FUV-

driven isotopologue selective dissociation process affects much of

their molecular gas mass reservoirs.

At the cold end, isotope fractionation operates via exothermic

isotope-exchange chemical reactions whose Tkin-sensitivity lies in a

range where molecular gas is found in ordinary spirals. Indeed, the

three most important reactions behind the theory of 12C/13C frac-

tionation are:

13C+ + CO⇋ C+ + 13CO + 35 K, (2)

13CO + HCO+ ⇋ CO + H13CO+ + 17 K, (3)

13C+ + CN⇋ C+ + 13CN + 31 K (4)

(Röllig & Ossenkopf 2013; Tunnard et al. 2015, and references

therein). The effects of isotope fractionation have recently been in-

voked to explain the isotopologue 13CO, 12CO and H13CN, H12CN

line ratios observed in the (U)LIRG, NGC 6240 (Tunnard et al.

2015). However, this work did not consider the minimum Tkin set

by the CR heating that is expected to be ubiquitous in the environ-

ments of starbursts, and argued that dense (n = 106 cm−3) and very

cold (Tkin = 10 K) gas comprises the most massive phase of H2 in

NGC 6240. At such low temperatures, isotopic fractionation can in-

deed operate (e.g. Röllig & Ossenkopf 2013), but these conditions

can only be found in dense gas cores, deep inside giant molecular

clouds in the relatively quiescent Milky Way, with its low levels of

average CR energy density.

Using figure 1 from Papadopoulos et al. (2011), we find Tkin =

20–30 K is the minimum value set by CRs in FUV-shielded dense

gas in (U)LIRGs, where CR energy densities are 100–500× that

in the Galaxy and n = 105 cm−3. This temperature can be higher

still if turbulent gas heating and/or heating from IR-heated dust

remains significant in such regions. Moreover, the discovery of

high HCN(J = 4 − 3) brightness temperatures in high-resolution

ALMA maps of the (U)LIRG, Arp 220 (Project: 2015.1.00702S,

PI: L. Barcos-Munoz), with Tb HCN (J = 1 − 0) ∼ 70–80 K sets a

lower limit for Tkin in the dense, line-emitting HCN gas that is well

above the regime where isotope fractionation can operate.

For NGC 6240, ALMA observations (Project: 2012.00077.S,

PI: N. Scoville) give Tb HCN (J = 4 − 3) ∼ 3 K at 70-pc spatial

resolution; thus for its observed HCN(4 − 3/1 − 0) global bright-

ness ratio of 0.18 it would be: Tb HCN (J = 1 − 0) ∼ 17 K as

the corresponding lower limit for the temperature of the dense gas.

This is well above the temperature range where chemical frac-

tionation can operate. On the other hand, the Tdust ∼ 40 K found

in NGC 6240 (Lisenfeld et al. 2000), and for a normal gas-to-dust

mass ratio, there is no room for a significant mass of colder dust.

Since Tkin > Tdust in the bulk of the ISM (irrespective of whether

the energetics are FUV- and/or CR-driven), a scenario involving

large amounts of gas at low temperatures and high densities (where

chemical fractionation can operate) is highly unlikely. We thus con-

clude that isotope chemical fractionation cannot operate for the

bulk of the molecular gas in star-forming galaxies.

Thus the road is now clear to use global isotopologue abun-

dance ratios to obtain the corresponding average isotope abundance

ratios in the ISM of galaxies. Nevertheless, serious uncertainties

remain, associated with the radiative transfer modeling of molec-

ular line emission. Indeed, careful radiative transfer modeling is

needed to obtain the range of isotopologue abundance ratios, such

as [12CO/13CO], from multi-J 12CO and 13CO emission line obser-

vations. Even when multiple lines are available, degeneracies still

remain (e.g. Papadopoulos et al. 2014). Better angular resolution

is also needed to resolve the local variation of the isotopologue

line ratios, which can be resolved easily with ALMA now (e.g.,

Jiménez-Donaire et al. 2017). In the age of ALMA, with its extraor-

dinary sensitivity, angular resolution and flexible, wide-band corre-

lator, simultaneous isotopologue line observations will allow such

degeneracies to be considerably reduced. Moreover, using multi-

J and multi-species isotopologue line observations to determine a

single isotope ratio (e.g. 12CO, 13CO and H12CN, H13CN lines to

determine 12C/13C – Paglione et al. 1997) will further reduce the

model degeneracies.

3 CHEMICAL EVOLUTION MODELS

The chemical evolution model for the Milky Way used in this

study was established in a series of papers (Chiappini et al. 1997,

2001; Romano et al. 2000, 2010; Spitoni et al. 2015; see also

Matteucci & Greggio 1986; Matteucci & François 1989) to which

we refer the reader for a thorough discussion of the adopted for-

malism, the basic equations and the assumptions. It is a multi-zone

model, where the Galactic disc is divided in several concentric an-

nuli that evolve at different rates; this ensures the establishment of

a Galactic abundance gradient.

For the other galaxies, we run simpler single-zone models. We

do not aim to reproduce the CNO isotopic data available for each

specific object; rather, we seek to give a broad overview of how the

CNO isotopic ratios are expected to evolve in systems with differ-

ent star-formation histories and/or stellar IMFs. In these models,

fresh gas is accreted according to an exponentially-decreasing law,

dMinf /dt ∝ e−t/τ –where Minf is the total mass accreted and τ is

the infall timescale– and turned into stars following a Kennicutt-

Schmidt relation, ψ(t) = νMgas(t), where ν is the star-formation

efficiency and Mgas is the mass of neutral gas (Schmidt 1959;

Kennicutt 1998). The free parameters, τ and ν, are set to differ-

ent values in order to frame different evolutionary paths. A more

detailed description of the adopted formalism can be found in sec-

tion 3.1 of Romano et al. (2015).

Specifically, we consider: (i) a template for massive systems

(MDM = 1013 M⊙, M⋆ ∼ 2 × 1011 M⊙) that accrete gas rapidly

(τ = 0.05 Gyr) and experience powerful starbursts (ν ≃ 1–2 Gyr−1)
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Table 2. Prescriptions for nucleosynthesis.

Model LIMS Super-AGB stars Massive stars Novae

1 Karakas (2010) – Nomoto et al. (2013) No

2 Karakas (2010) Doherty et al. (2014a,b) Nomoto et al. (2013) No

3 Karakas (2010) – Meynet & Maeder (2002b), Hirschi et al. (2005), Hirschi (2007), Ekström et al. (2008) No

4 Karakas (2010) Doherty et al. (2014a,b) Meynet & Maeder (2002b), Hirschi et al. (2005), Hirschi (2007), Ekström et al. (2008) No

5 Karakas (2010) Doherty et al. (2014a,b) Nomoto et al. (2013) Yes

at high redshift, followed by passive evolution thereafter1; (ii) a

template for massive spirals (MDM ≃ 1012 M⊙, M⋆ ∼ 5× 1010 M⊙)

that accrete gas slowly (τ = 13 Gyr) and experience steady star for-

mation (ν ≃ 0.05–0.1 Gyr−1) over a Hubble time; (iii) a model sim-

ilar to the latter, but for galaxies of lower mass (MDM ≃ 1011 M⊙,

M⋆ ∼ 1010 M⊙) where secular evolution is followed suddenly by an

extremely efficient (ν ≃ 20 Gyr−1) burst of star formation. The star-

formation histories of these systems are shown in the top panels of

Fig. 7, for different choices of the stellar IMF (see next paragraph;

see also discussion in §4.2).

The probability that a newly born star has an initial mass

within a given mass range is given by the Kroupa (2002) IMF, with

a slope x = 1.7 for high masses, normalised to unity in the 0.1–

100-M⊙ range. For the starbursts, we also investigate the effects of

an IMF skewed toward high masses (x = 0.95 in the high-mass

regime), similar to the one proposed by Ballero et al. (2007) for the

Galactic bulge.

All our computations avoid the instantaneous recycling ap-

proximation by detailed accounting of the finite stellar lifetimes.

This is a necessary prerequisite for a proper treatment of elements

that are produced on different timescales by stars of different initial

masses and chemical compositions. The nucleosynthetic outcomes

of binary stars exploding as type Ia supernovae (SNe Ia) and novae

are included in our computations, adopting the single-degenerate

scenario for their progenitors (Matteucci & Recchi 2001, and ref-

erences therein) for SNe Ia and our previous work (Romano et al.

1999, 2001; based on D’Antona & Matteucci 1991) for novae.

Since CNO elements are produced in negligible amounts in SN

Ia explosions (Iwamoto et al. 1999), the exact choice of the route

leading to such events does not affect the results presented in this

paper. Classical novae, instead, are thought to significantly overpro-

duce 13C, 15N and 17O with respect to their solar abundances (e.g.

José & Hernanz 2007) making assumptions about their precursors

a much more thorny problem (see next section).

The adopted nucleosynthesis prescriptions are summarised in

Table 2. The stellar yields for low- and intermediate-mass stars

are from Karakas (2010). For massive stars, we adopt the grid

of yields suggested by Nomoto et al. (2013, Models 1, 2 and 5).

However, since the important effects of stellar rotation are not

accounted for in this case, we also consider the grid of CNO

yields from fast-rotating massive stars provided by the Geneva

group (Meynet & Maeder 2002b; Hirschi et al. 2005; Hirschi 2007;

Ekström et al. 2008, Models 3 and 4). Detailed yields for super-

AGB stars (Doherty et al. 2014a,b) –often neglected in chemical

evolution studies– are implemented in Models 2, 4 and 5, while

nova nucleosynthesis –also disregarded in most studies– is included

in one case (Model 5). All the adopted yields for single stars are

1 These objects would appear as sub-mm galaxies (SMGs; e.g. Smail et al.

1997) at redshifts z ≃ 2–3 and as ‘red and dead’ massive ellipticals at z = 0

(see, e.g., Toft et al. 2014).

dependent on mass and metallicity. For novae, we assume aver-

age yields, independent of mass and metallicity (see discussion in

§4.1). The different sets of yields were all tested against the Milky

Way data, while only the set labeled ‘1’ was used in the models for

the other galaxies.

4 RESULTS

4.1 Milky Way galaxy

In this section, we present the results of our chemical evolution

models for the Milky Way. These models differ in their adopted nu-

cleosynthesis prescriptions (see Table 2). First, we discuss the pre-

dictions of Models 1, 2, 3 and 4, where the CNO elements come

only from single stars. We then analyse the results of Model 5,

which includes CNO production during nova outbursts.

Fig. 1 shows the evolution of the carbon isotope ratio in the so-

lar neighbourhood (left panel) and its current behaviour across the

Milky Way disc (right panel) predicted by Models 1 (green lines),

2 (light green lines), 3 (black lines) and 4 (grey lines). Models 1

and 3, which do not include the contribution to C synthesis from

super-AGB stars, successfully reproduce the solar data (Ayres et al.

2013); adding the super-AGB star contribution, the solar 12C/13C

ratio is slightly underestimated (Models 2 and 4). However, one

must be aware that the Sun probably moved to its current posi-

tion from a birthplace closer to the Galactic centre (Wielen et al.

1996) and its chemical composition may not quite reflect that of

the local ISM 4.5 Gyr ago. All the models predict current 12C/13C

ratios in the solar neighbourhood that agree with the average lo-

cal ISM value (Milam et al. 2005), within the errors. Furthermore,

Models 3 and 4, assuming CNO yields from fast-rotating massive

stars, can account for the range of carbon isotope ratios of ‘un-

mixed’ halo stars (i.e. giant stars in which the mixing with the deep

layers affecting the original CNO abundances is not expected to

have occurred; Spite et al. 2006). This result was already discussed

by Chiappini et al. (2008), who stressed the important role played

by fast rotators as ISM enrichers at low metallicities. When look-

ing at the C isotope ratio as a function of the distance from the

Galactic centre, RGC, however, we find that Models 1 and 2 with-

out fast rotators perform better. They predict an increasing trend

of the ratio with increasing Galactocentric distance, as is indeed

observed (Wilson & Rood 1994; Boogert et al. 2000; Savage et al.

2002; Milam et al. 2005), whilst Models 3 and 4 predict a decrease

in the 8–12-kpc Galactocentric distance range, followed by a flat-

tening at the outermost radii. In order to explain the 12C/13C ratios

of both halo stars and molecular clouds, we conclude that fast rotat-

ing massive stars must be common in the early Universe, but must

become rarer when the metallicity exceeds [Fe/H] ≃ −2 dex. In

our model, this metallicity threshold is reached only 40 Myr after

the star formation begins, during the halo phase.

Models 1 and 2 also reproduce the 16O/18O ratios mea-
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Figure 1. Left panel: evolution of the carbon isotope ratio in the solar neighbourhood, predicted by Models 1 (green line), 2 (light green line), 3 (black line)

and 4 (grey line). The red box encompasses the 12C/13C ratios of ‘unmixed’ halo stars (Spite et al. 2006). The solar (91.4 ± 1.3; Ayres et al. 2013) and local

ISM values (68 ± 15; Milam et al. 2005) are denoted by different symbols and colours. Right panel: radial behaviour of the 12C/13C ratio at the present time

predicted by Models 1 (green line), 2 (light green line), 3 (black line) and 4 (grey line). 12C/13C ratios across the disc inferred from observations of CO, H2CO

(as taken from the compilation of Wilson & Rood 1994), CO2 (Boogert et al. 2000) and CN (Savage et al. 2002; Milam et al. 2005) are shown as dots, filled

triangles, open squares and filled circles, respectively.
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Figure 2. Left panel: evolution of 16O/18O in the solar neighbourhood according to the predictions of Models 1 (green solid line) and 2 (light green line, hidden

behind Model 1 predictions). Solar (511±10; Ayres et al. 2013) and local ISM values (395±56; Polehampton et al. 2005) are shown. Right panel: current ratios

of 16O to 18O against distance from the Galactic centre predicted by Models 1 (green solid line) and 2 (light green line, hidden behind Model 1 predictions).

Theoretical expectations are contrasted with formaldehyde data from the compilation of Wilson & Rood (1994, triangles), OH data from Polehampton et al.

(2005, open circles) and CO data obtained by combining 13C16O/12C18O line ratios from Wouterloot et al. (2008) with the 12C/13C gradient suggested by

Milam et al. (2005, filled squares: J = 1 − 0 transition; open squares: J = 2 − 1 transition).

sured in the Sun (Ayres et al. 2013) and along the Galactic disc

(Wilson & Rood 1994; Polehampton et al. 2005; Wouterloot et al.

2008, the latter in combination with the 12C/13C gradient of Milam

et al. 2015) with the possible exception of the outermost regions

(see Fig. 2, left and right panels, respectively). In the plots, Model 2

predictions are hidden behind those of Model 1 (which is expected

since the two differ only in the treatment of super-AGB stars, while
16O and 18O are synthesised mostly in massive stars). The short-

comings of the models for RGC > 10 kpc might be due to insuf-

ficient 18O production from low-metallicity ([Fe/H] . −1 dex)

stellar models. The 18O/17O ratios, on the other hand, are severely

overestimated, even when considering the significant contribution

to 17O synthesis from super-AGB stars (Fig. 3). This may indicate

the need for additional 17O factories, that we naturally seek in nova

systems. Novae are also thought to be powerful 15N producers on a

galactic scale.

In Model 5 we have added a contribution to the CNO synthesis

from novae. The left-hand panels of Figs 4 and 5 show, respectively,

the evolution of the 18O/17O and 14N/15N ratios in the solar neigh-

bourhood; the radial behaviour of the same ratios at the present

time are depicted in the right-hand panels. Model 5 predictions (or-

ange full lines) are compared to the relevant observations. The so-

lar 18O/17O ratio (Ayres et al. 2013) can be explained by Model 5,

which also fits the measurements across the disc (the lower-than-

observed 18O/17O ratios predicted by the model for RGC > 12 kpc

likely arise from insufficient 18O production from low-metallicity

massive stars, rather than from over-synthesis of 17O in nova out-

bursts –see the discussion in the previous paragraph). The model

convincingly matches the nitrogen isotope ratios measured in so-

lar wind ion samples by the Genesis spacecraft (Marty et al. 2011),

in molecular clouds in the local ISM, and across the whole Galac-

tic disc (Adande & Ziurys 2012). The flattening of the theoretical
14N/15N gradient for RGC > 10 kpc is due to the absence of a sub-

stantial primary 14N component in the adopted yields for massive
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Figure 3. Left panel: evolution of 18O/17O in the solar neighbourhood predicted by Models 1 (green line) and 2 (light green line) compared to the solar

(5.36 ± 0.34, Sun symbol; Ayres et al. 2013) and local ISM values (4.16 ± 0.09, open square; Wouterloot et al. 2008). Right panel: 18O/17O ratios across the

disc at the present time. Theoretical predictions are shown together with ratios derived from CO lines by Wouterloot et al. (2008, filled squares) and Li et al.

(2016, diamonds).
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Figure 4. Same as Fig. 3, except that theoretical predictions (orange lines) are from Model 5 and include CNO production during thermonuclear runaways

leading to nova eruptions.

stars (Nomoto et al. 2013). While the need for significant primary
14N production from low-metallicity massive stars has been rec-

ognized for a long time (see e.g. Matteucci 1986, and references

therein), more data are needed in order to assess the shape of the
14N/15N gradient at large Galactic radii, RGC > 12 kpc, which would

place important and independent constraints on the amount of pri-

mary nitrogen produced by massive stars in low-metallicity envi-

ronments.

Only a few attempts have been made to include novae as

additional CNO sources in Galactic chemical evolution models,

even though allowing CNO production only from single stars

fails to reproduce at least some of the CNO isotope abundance

data available for the Milky Way (e.g. Romano & Matteucci 2003;

Kobayashi et al. 2011). This reluctance is partly driven by the ill-

constrained parameters that describe the evolution of the close,

mass-transferring binary systems that lead to classical nova out-

bursts. Over the last 45 years, however, hydrodynamic simulations

of nova outbursts by different groups –using different codes and re-

action rate libraries, and spanning different ranges of white dwarf

masses and initial luminosities, mass-transfer rates from the main-

sequence companions and mixing levels between the accreted en-

velope and the underlying white dwarf core– have generally found

ejecta enriched in 13C, 15N and 17O at a level that would signif-

icantly impact Galactic evolution (see José 2012, for a recent re-

view). In Fig. 6, we show the masses ejected in the form of 13C,
15N and 17O from nova models for CO (triangles) and ONe (circles)

white dwarfs. Coloured symbols refer to models (José & Hernanz

1998) for different white dwarf masses and degrees of mixing be-

tween core and envelope, but fixed white dwarf luminosity and

mass-accretion rate. The black symbols represent models for differ-

ent masses and mass-transfer rates, but fixed white dwarf tempera-

ture from Yaron et al. (2005, their table 6). The small empty circles

refer to simulations of 1.25-M⊙ white dwarfs and 1.35-M⊙ white

dwarfs using the same initial conditions but four different reaction-

rate libraries for each mass (Starrfield et al. 2009). It is evident that

the mass ejected in the form of a given element in one outburst

may vary by several orders of magnitude, depending on the spe-

cific combination of parameters which produces the eruption.

Following Romano et al. (1999, and references therein), in

Model 5 the birthrate of binary systems with the characteristics nec-

essary to give rise to nova eruptions is computed as a fraction α of
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Figure 5. Left panel: evolution of the nitrogen isotope ratio in the solar vicinity predicted by Model 5 (orange line). The Sun symbol and open square

refer to the values of the ratio determined for the protosolar nebula (441±6; Marty et al. 2011) and local ISM (290±40; Adande & Ziurys 2012), respectively.

Right panel: nitrogen isotope ratios as a function of Galactocentric distance. The solid line is the present-day gradient from Model 5, while different symbols

denote different observational estimates. Following Adande & Ziurys (2012, their table 4), filled triangles represent direct measurements using the hyperfine

components of the CN isotopologues; open triangles indicate ratios obtained by combining HN13C/H15NC data with 12CN/13CN measurements by Milam et al.

(2005); upside-down triangles show ratios derived by applying the 12CN/13CN gradient suggested by Milam et al. (2005) to the HCN double isotopomer data

of Dahmen et al. (1995).
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Figure 6. Average masses of 13C, 15N and 17O ejected in a nova out-

burst (units of 10−5 M⊙) required to explain the observed evolution of

the CNO isotope ratios in the Milky Way in the context of our chemi-

cal evolution model (× signs) contrasted with elemental yields emerging

from detailed hydrodynamic nova models for CO (triangles) and ONe (cir-

cles) white dwarfs (coloured symbols: José & Hernanz 1998; black sym-

bols: Yaron et al. 2005; small empty circles: Starrfield et al. 2009).

the white dwarf formation rate2. The value of α is fixed so as to have

a current Galactic nova outburst rate of 20 yr−1, consistent with the

observed rate (20–34 yr−1; Della Valle & Livio 1994). Computa-

tion of the theoretical nova outburst rate involves some knowledge

of the average number of outbursts that a typical nova system is ex-

pected to experience; we take this number to be 104 (Bath & Shaviv

1978). The average masses ejected in the form of 13C, 15N and 17O

in a single eruption are fixed by the requirement of reproducing the

observations of the CNO isotope ratios in the Milky Way. We find

that the ejection of 10−7 M⊙ of 15N and 10−8 M⊙ of 17O in a single

outburst leads to agreement between model and data. However, if

current 18O yields from massive stars are underestimated, the latter

quantity should be regarded as a lower limit. In fact, in this case no-

vae should eject even higher amounts of 17O to compensate for the

increased 18O production from massive stars. Now regarding 13C,

we can only set an upper limit of 10−7 M⊙ per event, above which

the predictions of Model 5 deviate significantly from measurements

of 12C/13C ratios in the Galaxy. Our empirically determined nova

yields are shown as × signs in Fig. 6.

4.2 Other galaxies

In this section, we deal with the interpretation of 12C/13C and
16O/18O ratios in other galaxies found using isotopologue line in-

tensities available from the literature; we do not consider objects

for which only lower limits are provided (see §2.2 and Table 1). In

particular, we are interested in starburst galaxies, where the condi-

tions of star formation differ from those typical in the local Uni-

verse (Papadopoulos 2010), and which may result in a top-heavy

(flatter) IMF. As we will see, varying the IMF dramatically affects

our predictions for CNO isotope evolution.

Already, 25 years ago, Faber et al. (1992) and Worthey et al.

(1992) speculated that IMF variations could be responsible for the

α-element overabundance inferred from measurements of Fe and

2 This computation takes into account a delay time of 1 Gyr, to ensure that

the white dwarfs have cooled enough to lead to strong nova outbursts.
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Figure 7. From top to bottom: star-formation histories, evolution of the 12C/13C ratio, and evolution of the 16O/18O ratio in the ISM of galaxies resembling

either high-redshift SMGs (left panels) or galaxies evolving quietly on a Hubble time (right panels), apart from one object which experiences a late starburst

(blue dashed lines). Different IMFs are considered, as labeled. The data (symbols and bars) are taken from Table 1 and colour-coded according to the level of

star formation (see text).

Mg indices in their sample of elliptical galaxies: an IMF favour-

ing more massive stars in more massive galaxies naturally leads

to an overproduction of Mg (which is produced mostly by mas-

sive stars on short timescales) with respect to Fe (produced mostly

by type Ia SNe with low-mass progenitors on longer timescales) in

larger systems, as observed (see also Matteucci & Tornambè 1987).

However, they also stressed that differences in star-formation

timescales and/or selective galactic winds could act in the same

way, thereby leaving the issue of IMF variations unsettled (see also

Matteucci 1994). Nowadays, there is compelling observational ev-

idence against the notion of a universal IMF (see e.g. the review in

Weidner et al. 2013).

On the theoretical side, it has been suggested that when the

SFR on a galactic scale exceeds 10 M⊙ yr−1, stars form in more

massive and denser clusters, characterised by IMFs flatter than

the canonical one; consequently, the galaxy-wide IMF also be-

comes top heavy (Weidner et al. 2004, 2013; Marks et al. 2012).

Such IMF variations lead to significant effects on many galaxy

properties, ranging from the inferred stellar masses and SFRs (e.g.

Clauwens et al. 2016) to the detailed chemical composition of the

galaxy constituents (e.g. Recchi et al. 2009).

Being the ratios of primary to secondary elements, the 12C/13C

and 16O/18O isotope ratios are expected to show a pronounced de-

pendence on the IMF slope3. In the middle and lower panels of

Fig. 7 we show, respectively, the evolution of the 12C/13C and
16O/18O ratios predicted by our models, for different assumptions

about the mass assembly and star-formation history (see §3 and

Fig. 7, upper panels), as well as the stellar IMF. The left panels

3 13C has both a primary and a secondary nucleosynthetic component.
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of Fig. 7 refer to template galaxies that suffer an intense burst of

star formation at high redshift, then evolve passively thereafter,

whereas the right panels show the predictions for systems that ex-

perience secular evolution, followed by a late starburst in one case.

In all panels, the black curves refer to models adopting a canonical

IMF (Kroupa 2002, with x = 1.7 for the high masses), while the

red ones are for models with a top-heavy IMF (Ballero et al. 2007,

with x = 0.95 in the high-mass regime). The blue dashed lines

(right panels only) refer to a template galaxy that forms stars ac-

cording to a canonical IMF during most of its lifetime, with a sud-

den burst of star formation initiated later, inducing a top-heavy IMF

during the burst. The nucleosynthesis prescriptions are the same as

in Model 1 for the Galaxy, benchmarked by its good reproduction

of the 12C/13C and 16O/18O data for the Milky Way. The data for the

galaxies listed in Table 1 (detections only) are displayed as symbols

and bars, and are colour-coded according to the intensity of the star

formation on a rainbow scale where red and blue stand for higher

and lower rates, respectively.

The models on the left (MDM = 1013 M⊙) convert gas into

stars at high redshift (z ≃ 2–3), in relatively brief (∆tburst = 1 Gyr)

but extremely powerful starbursts (SFR ≃ 100–450 M⊙ yr−1, for

the top-heavy IMF; SFR ≃ 40–200 M⊙ yr−1, for the canonical

IMF). The differences in the SFR are dictated by the require-

ment that, when the star-formation activity ceases, a stellar mass of

M⋆ ≃ 2×1011 M⊙ must be in place, independently of the choice of

the IMF (see figure 2 in Durkalec et al. 2015, for a relation between

the stellar mass M⋆ and the halo mass MDM). The modeled galax-

ies are expected to show up as SMGs at high redshifts; indeed, the

theoretical 12C/13C and 16O/18O ratios compare well with observa-

tional estimates of these ratios in high-redshift dusty, star-forming

galaxies (Henkel et al. 2010; Danielson et al. 2013; Spilker et al.

2014).

In the starburst scenario we see a large variation of the 12C/13C

abundance ratio for the regular IMF, with this ratio remaining sig-

nificantly higher than for the top-heavy IMF over a period of ∼
3–10 Gyr. This is caused by the later release of large amounts of
13C by intermediate-mass stars (4 6 M/M⊙ 6 7), and the much

lower numbers of such stars in the case of a top-heavy IMF, where

most of the 13C injected into a galaxy’s ISM occurs soon, from

fast-evolving high-mass stars. This demonstrates the need for good

chemical evolution models that avoid instantaneous element re-

leases, and incorporate the stellar-physics driven timescales for the

release of the various isotopes.

Nevertheless the global 12C/13C abundance ratio does settle to

very similar values for both types of IMF after a period of ∼ 11 Gyr.

Here it is worth emphasising that while the final anticipated global
12C/13C ratio seems rather insensitive to the underlying stellar IMF,

values of 16O/18O as low as 100 found in the ‘Cosmic Eyelash’

(Swinbank et al. 2010; Danielson et al. 2013) and, possibly, in the

stacked SMG spectrum in Spilker et al. (2014), are reached only

by an IMF skewed towards massive stars (Fig. 7, lower left panel).

This conclusion is invariant of the assumed star-formation history;

in particular, we tested the case of a constant or increasing SFR with

time, as well as a regime consisting of successive bursts separated

by quiescent periods.

According to our computations, values of 12C/13C as high

as 300 –or even higher measured toward the Cloverleaf quasar

(Henkel et al. 2010)– indicate that the host galaxy is caught in a

very early evolutionary phase, no later that ∼ 150 Myr from the be-

ginning of the star-formation episode; concordant with this dating,

we predict that measurements of the globally-averaged 16O/18O ra-

tio in the Cloverleaf should yield values in excess of 2,000.

In the right-hand panels of Fig. 7 we show the predictions of

our models for smaller galaxies (MDM ≃ 1011–1012 M⊙, M⋆ ≃ 1–

5×1010 M⊙) that experience a quieter, continuous star formation; in

the case of the model for the lowest mass, the evolution ends after a

short (∆tburst = 200 Myr), vigorous starburst (SFR ∼ 100 M⊙ yr−1).

As we already found for the high-redshift systems, it is immedi-

ately apparent that the 12C/13C and 16O/18O isotopic ratios for the

low-redshift starbursts can be reproduced simultaneously only by

assuming a top-heavy IMF. A canonical IMF leads to 16O/18O ratios

that are higher than observed (Fig. 7, lower right panel, black solid

line). However, if the secular evolution –in which the stellar masses

are distributed according to a canonical IMF– is followed by a burst

of star formation with a flatter IMF, the 16O/18O ratio tends to val-

ues in agreement with those observed (Fig. 7, lower right panel,

blue dashed line). In the local Universe such a sequence of galaxy

evolution events could be mirrored by two gas-rich spirals evolving

in isolation, before they merge inducing a strong merger/starburst

late in their histories. This could indeed be the story behind lo-

cal gas-rich starbursts, which makes the comparison of their global

isotopologue ratios with the predictions of our ‘starburst model’

appropriate.

Finally, while a detailed analysis of the data available for local

starbursts is beyond the scope of the present paper, it is worth notic-

ing that our ‘starburst model’ predicts 12C/13C and 16O/18O ratios

that span almost the full range of values covered by observations

of local systems. Nevertheless, regardless of the details of the un-

derlying star-formation scenario, a top-heavy IMF seems necessary

for building some part of their eventual stellar mass, with the low
16O/18O abundance ratios proving decisive. The fact that such ratios

have been implied for many years, even for isolated (but vigorously

star-forming) spiral galaxies (e.g., Papadopoulos et al. 1996), but

nevertheless could not be attributed uniquely to a top-heavy IMF,

underscores the value of good CNO evolutionary models in setting

such important constraints.

5 CONCLUSIONS

In this paper, we use state-of-the-art chemical evolution models to

track the evolution of CNO isotopes in the ISM of galaxies. We

take advantage of recently published stellar yields, as well as new

isotopologue molecular line data for the Milky Way and many other

galaxies. First, we use a multi-zone model for the Milky Way to re-

assess the relative roles that AGB stars, massive stars, and novae

have in the production of the CNO elements, focusing on the rare

isotopes. We find that:

(i) In order to reproduce the 12C/13C ratios observed in both

nearby halo stars and molecular clouds spanning a large range of

Galactocentric distances, fast-rotating massive stars must be com-

mon in the early Universe, and become rarer when a metallicity

threshold of [Fe/H] ≃ −2 dex is reached; this happens very early

on in our model, about 40 Myr after the beginning of the star for-

mation in the halo phase.

(ii) Super-AGB stars synthesise significant amounts of 17O; yet,

in order to bring the theoretical predictions for the 18O/17O ratio

into agreement with the relevant Galactic data, one also needs to

consider a contribution to 17O synthesis from novae.

(iii) Novae are basic producers of 15N; taking their contribution

into account, we are able to reproduce both the declining trend of
14N/15N in the solar neighbourhood suggested by recent determina-

tions of this ratio for the protosolar nebula (Marty et al. 2011) and

the 14N/15N Galactic gradient recently revised by Adande & Ziurys
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(2012). Hydrogen ingestion into the helium shell of core-collapse

supernovae has been suggested as an additional source of the rare
15N isotope by Pignatari et al. (2015) who, however, do not pro-

vide a full grid of yields for use in chemical evolution models. This

prevents us from testing their interesting proposal by means of our

models.

(iv) By assuming yields from Karakas (2010) for low- and

intermediate-mass stars, from Nomoto et al. (2013) for massive

stars, and average ejected masses of M
13C
ejec
6 10−7 M⊙, M

15N
ejec
=

10−7 M⊙ and M
17O
ejec
> 10−8 M⊙ per nova outburst, we find excellent

agreement between most of our model predictions and the Milky

Way CNO data; the model could be further constrained and im-

proved when new data on the Galactic gradient at large radii be-

come available.

Furthermore, we show that as far as galaxy-averaged abun-

dance ratios are concerned, neither FUV-driven selective photodis-

sociation nor chemical fractionation can seriously ‘skew’ isotopo-

logue ratios away from isotopic ones. Then after selecting the best

set of yields, we use single-zone models for other galaxies to in-

vestigate qualitatively the dependence of the 12C/13C and 16O/18O

ratios on the star-formation history and stellar IMF. By compar-

ing the model predictions to observations of isotopologue (and thus

isotopic) abundance ratios for the molecular gas reservoirs of high-

and low-redshift starbursts, we conclude that:

(i) In order to explain simultaneously the measurements of
12C/13C and 16O/18O ratios in starbursts, an IMF skewed towards

high stellar masses is needed; this requirement is driven by the

higher-than-observed 16O/18O ratios obtained with a canonical

IMF, whilst the final 12C/13C ratio is not dramatically affected by

the choice of the IMF.

(ii) The high 12C/13C ratios observed in some systems imply that

either the galaxy is caught in its very early phases of evolution or,

alternatively, that it is being ‘rejuvenated’ by a starburst that has

erased the memory of the preceding evolution and reset the 12C/13C

ratio to a high value; this, however, is possible only if the IMF be-

comes top-heavy during the starburst.

(iii) For the host of the Cloverleaf quasar, at z ≃ 2.5, given the

observational estimate of 300–10,000 for the 12C/13C ratio, we pre-

dict that a value of 16O/18O in excess of 2,000 should be found.

(iv) Changing the details of the CNO isotope evolution, or the

assumptions about the histories of mass assembly and star forma-

tion does not affect the main conclusion that a top-heavy IMF is

needed in starbursts.

In closing, we re-iterate how important these issues are for

galaxy evolution, with ALMA now able to provide the data nec-

essary to re-examine them, in the context of the concurrent CNO

isotope evolution models, which can then give us the ages of star-

burst events and the prevailing stellar IMFs across cosmic time.
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Garcı́a Pérez A. E., Aoki W., Inoue S., Ryan S. G., Suzuki T. K., Chiba M.,

2009, A&A, 504, 213

Goldreich P., Kwan J., 1974, ApJ, 189, 441
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