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Carbon star formation as seen through the
non-monotonic initial-final mass relation
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Pier-Emmanuel Tremblay’, Enrico Ramirez-Ruiz?, Pierre Bergeron®, Sara Bladh
Alessandro Bressan®", Léo Girardi®'?, Giada Pastorelli®"¢, Michele Trabucchi
Bernhard Aringer® and Piero Dal Tio ®*2

The initial-final mass relation (IFMR) links the birth mass of a star to the mass of the compact remnant left at its death. While
the relevance of the IFMR across astrophysics is universally acknowledged, not all of its fine details have yet been resolved. A
new analysis of a few carbon-oxygen white dwarfs in old open clusters of the Milky Way led us to identify a kink in the IFMR,
located over a range of initial masses, 1.65 SM/M_ < 2.10. The kink's peak in white dwarf mass of about 0.70—0.75M,, is
produced by stars with M;~1.8—1.9 M, corresponding to ages of about 1.8—1.7 Gyr. Interestingly, this peak coincides with
the initial mass limit between low-mass stars that develop a degenerate helium core after central hydrogen exhaustion, and
intermediate-mass stars that avoid electron degeneracy. We interpret the IFMR kink as the signature of carbon star formation
in the Milky Way. This finding is critical to constraining the evolution and chemical enrichment of low-mass stars, and their

impact on the spectrophotometric properties of galaxies.

Way is still debated: some studies’” place the major site of

its synthesis in the winds of massive stars that eventually
exploded as supernovae, others** are in favour of low-mass stars
that blew off their envelopes by stellar winds and became white
dwarfs (WDs). Within the latter group, the primary sources of car-
bon are the winds of carbon stars, characterized by a photospheric
carbon-to-oxygen ratio C/O > 1, which form during the thermally
pulsing asymptotic giant branch (TP-AGB) phase as a consequence
of repeated third dredge-up (3DU) episodes. So far, the range of
initial masses of carbon stars and their chemical ejecta are not accu-
rately known from theory” as these quantities depend on a number
of complex physical processes that are difficult to model, convection
and mass loss above all.

Here we show that the initial-final mass relation (IFMR) of WDs
may help shed light on this matter. The IFMR connects the mass
of a star on the main sequence, M,, with the mass, M;, of the WD
left at the end of its evolution. This fate® is common to low- and
intermediate-mass stars (0.9 S M,/M, $6—7) that, after the exhaus-
tion of helium in the core, go through the AGB phase and produce
carbon-oxygen WDs. The IFMR is also useful to investigate the
quasi-massive stars (8 $M,/M, < 10) that, after the carbon burning
phase, evolve as super-AGB stars and eventually produce oxygen—
neon-magnesium WDs.

The IFMR plays a key role in several fields of modern astrophys-
ics’. Once M, isknown, the IFMR fixes the mass of the metal-enriched
gas returned to the interstellar medium, thus putting constraints
to the efficiency of stellar winds during the previous evolution.

( : arbon is essential to life on Earth, but its origin in the Milky

The high-mass end of the IFMR provides an empirical test to deter-
mine the maximum initial mass for stars that develop degenerate
neon-oxygen—magnesium cores and proceed through the super-AGB
phase without exploding as electron-capture supernovae. The IFMR
is also relevant in a wider framework as a key ingredient in chemical
evolution models of galaxies; at the same time, it sets a lower limit to
the nuclear fuel burnt during the TP-AGB, therefore constraining the
contribution of this phase to the integrated light of galaxies®°.

To derive the semi-empirical IFMR, singly evolved WDs that are
members of star clusters are ideally used'""’. Spectroscopic analy-
sis provides their atmospheric parameters, that is, surface gravity,
effective temperature and chemical composition. Coupling this
information to appropriate WD cooling models provides the WD
mass, its cooling age, and additional parameters for testing cluster
membership and single-star status. Finally, subtracting a WD’s cool-
ing age from its cluster’s age gives the evolutionary lifetime of its
progenitor, and hence its M.

Previous analyses'>'* of old open clusters with ages >1.5Gyr
(NGC 6121, NGC 6819 and NGC 7789) explored WDs that recently
evolved from stars with M; <2 M,, and this showed possible signa-
tures of nonlinearity in the IFMR near M;~2 M, Updated analyses
of these 12 WDs using improved models and uniformly analysed
cluster parameters'®, and the addition of 7 WDs in the old open
cluster M67'*"7, further supported that the low-mass IFMR is non-
linear and potentially not even monotonically increasing.

The IFMR kink. Compared with the previous studies just men-
tioned, this study introduces two novel elements: (1) the discovery
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Table 1| Main parameters of the WDs and their stellar progenitors

Name RA (h:min:s) Dec (°::") Tesss (K) loggs (cms2 Mg (M,) M, (mag) M, (M) M;(M,) 7 (Myr) M; (M,)
DA members

R147-WDO1 19:15:33.8 ~16:52:49 17,850 £250 811+ 0.04 0694003 1.08+005 066+002 067+002 12977 166750
R147-WD04 19:16:59.7 —16:3121 19,550 £250 807+004  0.66+003 1093+£005 067+002 067+002 927 1657591
R147-WDQ7 19:16:13.7 —16:20:13 15900 £200 808+004  066+003 1.35+005 068+002 067+002 19313 1687031
R147-WDO08 19:18:44.3 ~15:53:56 13,000 +200  811+005 067+003 1.78+005 070+003 069002 368%, 73 e
R147-WD10 19:18:01.7 —15:49:56 17950 £250  808+004  067+003 1114+005 069+002 068+002 13170 1667501
N752-WDO1 01:59:05.5 +38:03:38 15500 £250 812+ 0.04 069+003 1.26+£005 062+002 065002 19117 2O
DB member

R147-WD02 1912:52.5 —16:14:35 16,300 £200 812 +0.05 067+£003 1.23+005 066+002 066+002 188173 1687991
Non-members

R147-WDO03 19:18:58.2 ~16:48:22 15300 £250 800+£004  061+003 - - - 185178 -
R147-WD09 19:15:03.7 ~16:03:41 15800+£200 796+004  059+002 - - - 155113 -
R147-WDN 19:14:38.1 —15:58:58 14900 +£200 800+004  0.61+003 - - - 20211 -
R147-WD15 19:15:18.2 —17:37:10 - - - - - - - -

Name RA (h:min:s) Dec (°::") Tefss (K) loggs (cms? Mg, (M,) M, (mag) Mg, (M,) M;(M,) 7 (Myr) M, (M,)
Previous low-mass WD parameters updated with photometric analysis

M4-WD00 16:23:49.9 —26:33:32 20,900 +500 7.77 +0.08 051£004 1057+015 059+006 053+003 377§ 0.8713%1
M4-WDO04 16:23:51.3 ~26:33:04 25450 £550 778 £0.07 052+£003 994+015 051£005 052+003 167 0.87193
M4-WDO5 16:23:41.4 —26:32:53 28850 £500  7.77 +£0.07 053+£003 996+015 061£006 055+003 107] 0.87+991
M4-WD06 16:23:42.3 —26:32:39 26,350 +500  7.90 + 0.07 059+ 004 990+015 052+005 056+003 1417 0.8713%1
M4-WD15 16:23:51.0 —26:31:08 24600+ 600 789+008  057+£004 998+015 050+005 054+003 183 0.87193
M4-WD20 16:23:46.5 ~26:30:32 21,050 £550  7.79 +0.08 052+004 1026+015 049+005 0504003 3373 0.87199!
M4-WD24 16:23:41.2 —26:29:54 26,250+ 500 779 £ 0.07 053+003 997+015 055+£005 054+003 141 0.8713%1
N6819-6 19:41:20.0 +40:02:56 217004350  794+005  060+003 1049+010 058+004 059+002 40°8 el
N7789-5 23:56:4911 +56:40:13 31,700+ 450  812+0.06 071+004 996+010 069+004 070+003 8] 1901391
N7789-8 23:56:57.2 +56:40:01 24,800 £550 811+ 0.07 070+004 1062+010 073+004 071+003 35'8 1911331
N7789-11 23:56:30.8 +56:37:19 20,500+ 650 827 +0.0 079+£006 1083010 0.67+004 070003 817 1941592
N7789-14 23:56:37.8 +56:39:08 21100+ 950 799+ 014 062+008 1.02+£010 077+004 074+004 8572 1941522

The parameters for the spectroscopically observed Ruprecht 147 and NGC 752 WD candidates are organized by atmospheric composition (DA/DB) and membership, including the apparent background
star R147-WD15. Updated parameters of previously published low-mass WDs are also given. Columns from left to right are WD name, right ascension, declination, spectroscopic-based effective
temperature, logarithm of spectroscopic-based surface gravity, spectroscopic-based final mass, photometric-based absolute magnitude, photometric-based final mass, weighted-average final mass,
weighted-average WD cooling age and the progenitor's initial mass. The spectroscopic-based errors are from fitting and external errors. The photometric-based errors are from photometric and
cluster-parameter errors. For stars classified as non-members of Ruprecht 147, cluster-related parameters are unknown and hence appear as empty cells in the table. The background star R147-WD15 was

recognized not to be a WD and therefore no spectroscopic parameter was derived.

of seven WD members of the old open clusters NGC 752 (age
~1.55Gyr) and Ruprecht 147 (age ~2.5Gyr); and (2) the use of
a new analysis technique that combines photometric and spec-
troscopic data to better constrain the WD parameters. The same
technique is applied both to the 7 newly discovered WDs and to
reanalyse 12 previously published WDs with M, <2.1 M, (Table 1).
Our new methodology is detailed and discussed in Methods.

These data establish a low-mass IFMR kink across the interval
1.65 S M,/M,52.10, as shown in Fig. 1. All clusters involved in the
IFMR kink have near-solar metallicity, —0.1 < [Fe/H] <0.1.

While the steep increase in the IFMR near M;~1.65M, is at
present well constrained, further data are needed to better probe
the decreasing IFMR for M,>2M,. However, we underline that
after this rapid increase, such a temporary decrease is necessary to
keep consistency with the observed field WD mass distribution. For
example, if this steep increase was instead followed by a plateau at
M;=0.7 M, then every progenitor with 1.9 SM/M,<2.8 would
create an ~0.7 M, WD, substantially overproducing field WDs at
this mass compared with observations''. This aspect is thoroughly
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discussed in the Supplementary Information (see ‘The WD mass
distribution’; see also Supplementary Figs. 1 and 2). The kink also
illustrates a limitation of inferring the IFMR directly from such
field WD mass distributions because a monotonic form must be
assumed, for example, using the Gaia Data Release 2 (DR2)".

Physical interpretation. We interpret the kink in the IFMR as the
signature of the lowest-mass stars in the Milky Way that became
carbon stars during the TP-AGB phase. The inflection point near
1.65M, (Fig. 1) should mark the minimum initial mass for a
solar-metallicity star to become a carbon star as a consequence of
the 3DU episodes during thermal pulses (TP).

The proposed explanation is as follows. At solar-like metallic-
ity, low-mass carbon stars (1.65SM/M,<1.90) attain low C/O
ratios (S1.3) and low values of the excess of carbon compared with
oxygen, C—O, in the atmosphere. The quantity C—O is particu-
larly relevant as it measures the budget of free carbon, not locked
in the CO molecule, available to condense into dust grains. In fact,
state-of-the-art dynamical models for carbon stars®* predict
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Fig. 1| The semi-empirical IFMR. The data include the 7 newly discovered
WDs (blue data) and the 12 previously published WDs (green data)
reanalysed with a method that couples spectroscopy, photometry and

the Gaia-based distances of the host star clusters (see Methods for more
details). In addition, previous intermediate-mass data and the M67 data
are shown in black. Error bars cover a range of +16 (see Table 1). Each WD
group's cluster is also labelled and each of their parameter averages is
overlaid in open red data points. On the basis of these IFMR data and their
1o error, we illustrate three weighted linear fits, namely: from M, of 0.85M,
to 2.85M,, (purple dashed line), from M; of 0.85M,, to 2.15 M, (magenta
dashed line), and from M, of 0.85M, to 2.00 M,, (blue dashed line). As
discussed in the Methods, these three fits provide poor representations of
the observed data. Conversely, the four-piece linear fit (black), which draws
a kink in M; around M, = 1.8 M, does provide a strong representation of the
data and is our observational IFMR.

that a minimum carbon excess, (C—0),,,, is necessary to gen-
erate dust-driven winds, with mass-loss rates exceeding a few
107 Mgyyr. We recall that according to a standard notation,
C—0 =log(nc —no) —log(ng) + 12, where ne, ny and ny
denote the number densities of carbon, oxygen and hydrogen,
respectively. More details about the wind models for carbon stars,
(C—0),yin» and our CDYN prescription for mass loss are provided
in Methods.

The existence of a threshold in carbon excess impacts on the
TP-AGB evolution and hence on the IFMR. In TP-AGB stars, the
surface enrichment of carbon is controlled by the 3DU, a series of
mixing episodes that happen each time the base of the convective
envelope is able to penetrate into the intershell region left at the
quenching of a thermal pulse®. The efficiency of a 3DU event is com-
monly described by the dimensionless parameter A=AM,,,/AM,,
defined as the amount of dredged-up material, AM,,, relative to the
growth of the core mass, AM,, during the previous interpulse period.

Figure 2 illustrates how the efficiency of 3DU regulates the
increase of the surface C/O and hence the carbon excess; how the
latter, in turn, affects the mass-loss rate, hence the lifetime of a car-
bon star and eventually the final mass of the WD. The models refer
to a star with M;=1.8 M, and metallicity Z=0.014, near the kink’s
peak of the semi-empirical IFMR. The two cases in Fig. 2a,b share
the same set of input prescriptions, except that the 3DU is shallow
in the model of Fig. 2a (A& 0.17), and much more efficient in the
model of Fig. 2b (A=0.5 as the star becomes carbon rich). In both
cases, as soon as the star reaches C/O>1, a sudden drop in the
mass-loss rate is expected to occur.

This prediction deserves to be explained in detail. The transi-
tion from C/O <1 to C/O>1 marks a radical change both in the
molecular abundance pattern of the atmosphere (shifting from
oxygen-bearing to carbon-bearing species)*, and in the mineralogy
of the dust that could in principle condense in the coolest layers.

When a carbon star is born, the silicate-type dust that character-
izes the circumstellar envelopes of M-type stars is nolonger produced
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and the composition of the grains that may actually form suddenly
changes, switching mainly to silicon carbide and amorphous car-
bon***". The key point is that the growth of carbonaceous dust
requires suitable physical conditions*®* (for example, tempera-
ture, density and chemical composition of the gas, stellar radiation
field), and these may not always be fulfilled as soon as C/O 2 1. In
addition, carbonaceous grains are expected to drive a wind only if
they form in a sufficient amount®-*, a condition expressed by the
threshold (C—O),,;,.

It follows that, as long as the atmospheric abundance of free
carbon is small, typically during the early carbon-star stages, dust
grains cannot be abundantly produced. This circumstance is clearly
shown by computations* of dust-grain growth as a function of C/O
and mass-loss rate. As we see in Fig. 3, the condensation factor of
carbon, f, is extremely low for C/O in a narrow range just above
unity, irrespective of the mass-loss rate. The inefficiency of the car-
bon dust condensation extends to larger C/O for low mass-loss rates
(M3% 1077 Mg, yr'). It should be kept in mind that the map of
f. corresponds to a pre-built grid of (M, C/O) combinations, and
clearly not all of them represent realistic cases.

At the same time, such a map is very useful when analysing
observed combinations of (M, C/O), such as those referring to a
sample” of carbon-rich irregular and semi-regular variables (SRVs).
According to our interpretation, these variables should represent the
progenitors of the WDs that populate the IFMR kink. For an exten-
sive discussion about this point, see the Supplementary Section
‘Other supporting evidence: Galactic semi-regular variables’ (see
also Supplementary Figs. 4-6).

In Fig. 3, most of the observed SRVs fall in a region of low
mass-loss rate and small carbon enrichment, for which we expect
an inefficient dust condensation of carbon grains. The natural
conclusion is that if carbonaceous dust grains are not abundant
enough to drive a powerful wind, when C/O just exceeds unity,
then only a modest outflow may be generated, possibly sustained by
small-amplitude pulsations, like those of SRV stars™".

These conditions apply to the model of Fig. 2a, which experi-
ences a shallow 3DU. The C/O ratio grows slowly (maximum of
~1.33), the star stays in a phase of very low mass loss until the
threshold in carbon excess is slightly overcome and a moder-
ate dust-driven wind is eventually activated, with mass-loss rates
not exceeding few 107 M, yr~'. Also the model shown in Fig. 2b
enters a phase of low mass loss soon after the transition to car-
bon star, but then its evolution proceeds differently. As the 3DU is
more efficient, C/O increases more rapidly (maximum of ~1.91) so
that the threshold in carbon excess is largely overcome, a powerful
dust-driven wind is generated and the mass-loss rate increases up
to ~10° Myyr .

These model differences affect the carbon star lifetimes and, in
turn, the final masses left after the TP-AGB phase. In the model of
Fig. 2a, the carbon star phase lasts ~1.15Myr and produces a WD
with a final mass of ~0.732 M,,. In model of Fig. 2b, the duration of
the carbon star phase is halved, ~0.52 Myr, and terminates with a
WD mass of ~0.635M,,.

Likewise, shorter lifetimes and lower final masses are obtained if
we adopt mass-loss formulations that do not depend on the carbon
abundance. In Fig. 2c,d, we show two examples in which we use
the B95 and VW93 relations. Both predict a systematic increase of
the average mass-loss rate as the star evolves on the TP-AGB. The
resulting WD masses are 0.646 M, and 0.615 M, respectively.

The IFMR and carbon star formation in the Milky Way. While the
above considerations, relative to a given TP-AGB model, provide
the physical key to interpret the data, we aim to build up an overall
picture as a function of the initial mass of the star.

Therefore, we employ the large model grid introduced in
Methods, which consists of TP-AGB calculations that cover arelevant
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Fig. 2| Evolution of the mass-loss rate during the whole TP-AGB evolution of a star with M; =1.8 M, and solar metallicity. Time (t) is set to zero at the first
TP. The tracks are colour-coded according to the current photospheric C/O ratio. Calculations differ in the treatment of mass loss and/or in the efficiency A
of the 3DU. a,b, Models in which mass loss during the carbon star phase does depend on the carbon excess (CDYN prescription; see Methods). The 3DU is
less efficient in a compared with b. Inside the region delimited by the dotted lines, stellar winds are driven by carbonaceous dust grains. ¢,d, Results obtained
with mass-loss formalisms that, unlike in a and b, do not contain an explicit dependence on the carbon abundance. See Methods for more details.
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Fig. 3 | Map of the condensation factor, f,, as a function of mass-loss

rate and photospheric C/0. The assumed stellar parameters,

M =15 M, log(L/Ly) = 3.85, Terr = 2,950 K, are extracted from the
TP-AGB track (just before the 18th TP) of a model with M;=1.8 M, and
Z=0.014. The quantity f, refers to the fraction of silicon that condenses

in silicates (olivine, pyroxene and quartz) for C/O <1, while it corresponds
to the condensed fraction of free carbon for C/O > 1. White dots show the
location of a sample of carbon-rich SRVs in the Milky Way with measured
mass-loss rates and C/O. According to the map, most of these carbon stars
should be dust free, in full agreement with their observed spectra®.

region of the parameter space (M, 1), assuming solar initial metal-
licity. The results for the entire grid are shown in Extended Data
Fig. la,b. We see that varying A at a given M, produces a large
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dispersion in the final WD mass and C/O. In particular, M; of carbon
stars anticorrelates with A. At this point, the natural step is to pick up
the (M,, 1) combinations that best approximate the semi-empirical
IFMR (Extended Data Fig. 1¢,d).

The detected IFMR kink over the range 1.65SM/M,<2.0
is well recovered by assuming that these stars experience
a shallow 3DU during the TP-AGB phase, typically with
0.15150.2 (Extended Data Fig. 1c). Stars in the low-mass part
(1.65 S M;/M,<1.8) are those just massive enough to become
carbon stars (Extended Data Fig. 1d). They are little enriched in
carbon, with low final ratios (1.1 <C/O<1.2) and low carbon
excesses (7.55<C—-058.10). In these models, carbonaceous
dust grains are not expected to form in a sufficient amount to
trigger a vigorous radiation-driven wind”"**, while pulsation is
likely to strip these stars of their small envelopes. The peak at
M;~1.8—1.9 M, corresponds to stars that reach a final C/O=1.3
when they overcome the minimum threshold, (C—-0),,,~8.2,
late, close to the end of their evolution, and when the core has
already grown appreciably in mass (M;2 0.7 M,).

Beyond the peak, at larger initial masses (1.95 S M;/M,S2.1),
the IFMR data are matched with TP-AGB models having a moder-
ately higher efficiency, 0.2 $1.50.4 (Extended Data Fig. 1c). Carbon
enrichment is therefore somewhat larger and this leads to an ear-
lier activation of the dust-driven wind. As a consequence, the WD
masses are predicted to decrease until the IFMR regains a positive
slope, as shown by the data for M;>2.8 M, (Extended Data Fig.
1d). Models that reproduce this linear portion of the IFMR, with
2.6 SMy/M, < 3.5, are characterized by a fairly higher efficiency of
the 3DU, 0.5 5450.7. They reach larger values of the final carbon

1105


http://www.nature.com/natureastronomy

ARTICLES NATURE ASTRONOMY

a 0.76
0.7
0.72
0.6 [
0.68
0.5 |
064 &
~ 04 3
060 X
03 L <
02 | 0.56
01 F 0.52
0 L L L L L L L 048
0.8 1.2 16 20 24 28 32
M; (M)
b o9 — 40
| 3.8
3.6
34
L 32
0.8 36
238
26
24
© 07 ¢ 22 Q
2 g , 20 O
s * ° 18 3
oo 16
L 1.4
0.6 % b
1.0
0.8
0.6
0.5 0.4
0.2
1 1 1 1 1 1 1 O

0.8 1.2 1.6 2.0 24 2.8 3.2
M, (M)
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IFMR. a, The values of the average A (black crosses) that recover the
semi-empirical IFMR data and a proposed best-fit curve for A (orange line)
as a function of the initial mass; the core mass at the first TP (magenta
line). b, The theoretical IFMR obtained with the calibrated A relation,
colour-coded as a function of the final C/O (colour bar). The underlying
semi-empirical IFMR (diamonds with errors bars) is the same as in Fig. 1,
with the 7 newly discovered and 12 newly analysed WDs shown in green.
Error bars cover a range of +1o (see Table 1).

excess (8.7 SC—059.2) and carbon-to-oxygen ratio (2 SC/0 $4)
so that dust grains are expected to condense plentifully in their
extended atmospheres®**.

Using the ranges of 1 just obtained, we may constrain the aver-
age efficiency of the 3DU as a function of M, and derive the rela-
tion shown in Fig. 4a (orange curve). Adopting such a relation in
our TP-AGB calculations, we get a theoretical IFMR that recovers
quite well the semi-empirical data (Fig. 4b), in particular the peak
around ~1.8—1.9 M,. We emphasize that the proposed calibration
of the 3DU at solar metallicity is free from degeneracy with mass
loss. In fact, in our TP-AGB models 4 is the main free parameter,
while the mass-loss rates for carbon stars do not contain any adjust-
able efficiency factor. Also, the effect of rotation should not play a
substantial role in the IFMR over the M, range of interest, unlike
at higher masses (M,> 2.7 M,)*. Finally, we stress that other mod-
els that adopt a much higher A in TP-AGB stars with M;$2M,,
or mass-loss rates that do not depend on C—O, miss entirely the
observed kink (Extended Data Fig. 2).

Looking at the calibrated 3DU relation (Fig. 4a), we see that 4 is
expected, on average, to increase with the stellar mass for M; <3 M,,

1106

a trend that is predicted by TP-AGB models in the literature’. Our
analysis also indicates that this positive correlation is interrupted in
two mass intervals.

In a narrow range around M;~ 1.8—1.9 M, just where the peak
of IFMR kink is placed, the data suggest the existence of a local
slight minimum in A. To interpret this result, we need to consider
a few key aspects of stellar structure and evolution. The location of
such a peak coincides with the initial mass limit, M., that divides
the class of low-mass stars (characterized by electron degeneracy
in the helium cores left at end of the hydrogen-burning phase and
the subsequent helium flash at the tip of the RGB), from the class of
intermediate-mass stars (with helium cores that obey the equation
of state for the classical ideal gas). Stellar models show that such
dichotomy in the equation of state leaves a fingerprint in the mass
of the hydrogen-exhausted core, which reaches a minimum value
at the stage of central helium ignition for M;= M. This signature
is retained also at later evolutionary stages, up to the onset of the
TP-AGB phase. In fact, the core mass at the first TP, M_,}, as a func-
tion of the initial mass (magenta curve), also exhibits a minimum at
M= Mz (refs. ).

From theory, we know that the core mass is a leading parameter
of the TP-AGB evolution, and it is expected to affect the 3DU. In
particular, lower values of M, correspond to weaker TPs (measured
by the post-flash luminosity peak)®, hence shallow 3DU events.
Consistent with this expectation, our calibration of the 3DU effi-
ciency indicates that the minimum in 4 occurs close to the mini-
mum in M, At the same time, our evolutionary models predict
that such a minimum characterizes the stellar progenitors of the
observed IFMR kink. Putting these two findings together, we pro-
pose that the observed peak in WD mass was produced by Milky
Way carbon stars with initial masses close to My, the transition
limit between the classes of low- and intermediate-mass stars.
These carbon stars experienced a modest carbon enrichment,
an inefficient dust production, mild winds and a relatively long
carbon-star phase.

The positive correlation between A and M; (Fig. 4a) breaks also
at larger stellar masses, M, >3 M, where 1 reaches a maximum and
then starts to decrease. This latter trend is in line with some existing
TP-AGB models™ and earlier studies on the IFMR®.

A few remarks about mass loss. Finally, we draw attention to a few
aspects about the predicted mass-loss drop (Fig. 2). First, the ampli-
tude of the drop also depends on the mass-loss rate attained during
the phases with C/O < 1, immediately preceding the carbon star for-
mation. If during these stages a dust-driven wind (involving silicate
species, for instance) is not yet well developed, the size of the drop
may be modest. The results shown here for C/O <1 are based on a
widely used, but likely simplistic, mass-loss formula*. While impor-
tant progress has been recently made®, new detailed stellar wind
models for M- and S-type stars (including both SRV- and Mira-like
pulsations) are highly desirable for future studies.

Second, it is worth specifying that in our evolutionary calcula-
tions we treat the mass-loss stages with 0.85 < C/O <1 in the same
way as those with C/O <0.85, since suitable wind models for S-type
stars are still unavailable. Anyhow, a reasonable guess is that when
C/O is quite close to unity while oxygen is still less abundant than
carbon, a drop in mass loss may already occur due to the lack of
ordinary silicates™ (see also Fig. 3 for C/O $1). This circumstance
may explain the existence of S-type SRVs with mid-infrared blue
colours, K—[22] <1 (see cyan triangles in Supplementary Fig. 6 and
related discussion; here [22] is the 22 pm band of the Wide-field
Infrared Survey Explorer (WISE) space observatory).

Lastly and more importantly, the results presented here do not
depend critically on the size of the mass-loss drop as long as the
rates remain sufficiently low (below super-wind values). It makes
little difference whether the rate is 107°Mgyr™ or 107 Myyr™!
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Fig. 5 | Integrated energy output emitted from the carbon-star phase.
Predictions are derived by integrating the stellar luminosity along each
track over the carbon-star lifetime. They are shown as a function of the
initial stellar mass (bottom axis), and the corresponding age (top axis).
Curve A refers to the present calibrated carbon star models (using the

A relation shown in Fig. 4a), and curve B shows the results obtained
assuming a mass-loss recipe’® insensitive to the surface chemical
composition. The curves are colour-coded according to the yields of carbon
newly synthesized during the TP-AGB phase.

given that, for typical interpulse periods of the order of 10°yr,
the reduction of the envelope is small and the evolution proceeds
temporarily almost at constant mass. What really matters is the
onset of the dust-driven wind in carbon stars, which occurs when
C—-0>(C—-0),,, (depending on current values of luminosity (L),
effective temperature (T,;) and M). This is mainly controlled by the
rapidity with which the atmosphere is enriched in carbon, therefore
by the efficiency of the 3DU and the current envelope mass, which
strengthens our A calibration.

Summary and conclusions

A new thorough analysis of a few WDs in old open clusters with
turn-off masses over the range from 1.6 M, SM;S2.1M, has
revealed that the IFMR exhibits a non-monotonic component, with
a peak of M;~0.70—0.75 M, at M;~ 1.8—1.9 M,,. It happens just in
proximity of the transition mass, at M;~ My, predicted by stellar
structure models.

The proposed physical interpretation is that the IFMR kink
marks the formation of solar-metallicity low-mass carbon stars.
These latter experienced a shallow 3DU (1x0.1-0.2) during the
TP-AGB phase, so that the amount of carbon dust available to trig-
ger a radiation-driven wind was small and M remained mostly
below a few 10°M,yr". These circumstances led to a prolonga-
tion of the TP-AGB phase with the consequence that fairly massive
WDs (M;>0.65M,), larger than commonly expected, were left at
the end of the evolution. The peak of the IFMR kink corresponds
to the minimum in the 3DU efficiency (1% 0.1), hence to the lowest
carbon enrichment.

Considering the observed properties of carbon stars in the
Milky Way, we suggest that the progenitors of the IFMR kink spent
a fraction of their carbon star phase as SRVs, characterized by
small-amplitude pulsations, low C/O, small mass-loss rates and low
terminal velocities.

The observed nonlinearity of the IFMR at M;~1.8—1.9M,
and its interpretation in terms of carbon star formation may have
important consequences in the framework of galaxy evolution.
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In fact, the IFMR kink happens to occur just around a critical age,
~2 Gyr, which characterizes the oldest stellar populations hosted in
galaxies at redshift larger than 3 and where carbon stars may appre-
ciably contribute to the integrated galaxy light'~*>. Figure 5 shows
that the energy output from the carbon star phase at solar metallic-
ity is higher than otherwise predicted by models that use mass-loss
relations insensitive to the carbon abundance. In particular, the
local peak in WD mass translates into a larger contribution from
carbon stars, at ages around 1.5—2.0 Gyr, to the integrated light of
galaxies similar to the Milky Way. Dedicated galaxy studies based
on population synthesis models are needed to further investigate
this aspect.

The impact on the chemical ejecta is also notable. Close to the
WD mass peak, the amount of newly synthesized carbon expelled
by stars with 1.6 SM,/M,<1.9 is quite low due to the little effi-
ciency of the 3DU and the small envelope masses, while it increases
by several factors for M,;>2 M, In conclusion, the progenitors that
populate the IFMR kink are expected to be potentially important
contributors to the galaxy emitted light and modest sources of car-
bon (in the form of gas and dust) at the same time.

Finally, we note that the IFMR kink has important consequences
for the interpretation of the stellar progenitors of observed WDs in
the mass range of 0.655M/M,<0.75. Very common in the field
and in binary systems, these WDs may have stellar progenitors with
two, if not three, possible M..

Methods

White dwarf and cluster analyses. Gaia DR2*** analysis of the NGC 752 and
Ruprecht 147 clusters, with supplements from the deeper Canada-France-Hawaii
Telescope (CFHT) photometry of Ruprecht 147*, have been used to both identify
WD candidates and their membership likelihood using proper motions and, for
the brighter candidates, their parallaxes. Using two half nights of Keck I/Low
Resolution Imaging Spectrometer (LRIS) analysis on 11 August and 8 September
2018, we observed ten WD candidates in Ruprecht 147 and one candidate in
NGC 752. Eight of the ten observed Ruprecht 147 candidates were found to

have hydrogen-rich atmospheres (WDs of type DA), one showed a helium-rich
atmosphere (WD of type DB), and one is consistent with a background star.
Observations of this DB’s Ha region confirms that there is no hydrogen in

its atmosphere. The one NGC 752 candidate is a DA. These WDs have been
spectroscopically analysed using the standard DA* and updated DB*** methods,
and their spectroscopic-based T, logg (where g is the surface gravity) and M; are
given in Table 1.

We then applied these spectroscopic parameters to the Montreal cooling
models* to further test membership and single-star status using the luminosities,
colours and cooling ages. Compared with the observed photometry, this tells
us whether or not these WDs are consistent with being at the same distance,
reddening and extinction as the cluster. In agreement with their proper motions
and parallaxes, when available, the one NGC 752 DA and five of the Ruprecht
147 DAs and its one DB are consistent with single-star cluster membership. This
DB is the first spectroscopically analysed DB with confirmed membership in a
star cluster and it is has remarkable agreement in mass with the five Ruprecht 147
DAs at the same M,. Even though we acknowledge that three-dimensional models
should ideally be used in the spectroscopic analysis of DBs at these T values™,
such three-dimensional corrections should be analysed in conjunction with
updated van der Waals broadening®. However, it is reassuring that the DA and
DB masses agree so well because we should expect that at these lower masses
the DB IFMR is identical to that of DAs due to their consistent field mass
distribution peaks’'.

Lastly, the three remaining observed Ruprecht 147 candidate DAs are at
distances comparable to but not in agreement with the cluster. Their observed
magnitudes are too faint rather than too bright relative to their spectroscopic-based
luminosities, and hence they are also not potential binary cluster members.
Moreover, all three have masses of ~0.60 My, inconsistent with the six confirmed
members at ~0.67 M, and consistent with the most likely mass of WD field
contaminants. Therefore, we consider them to be non-members.

In Supplementary Fig. 3, we photometrically analyse the cluster turnoffs using
Gaia DR2-based cluster membership and Gaia photometry using our previously
adopted cluster analysis techniques'>”. For consistent analysis with the presented
evolutionary models of carbon star evolution, we derive M, using both cluster
ages and evolutionary timescales based on the PARSEC v1.2S + COLIBRI PR17
isochrones™*.

To expand on these spectroscopic techniques, we also take full advantage of
the precise photometry, distances and extinctions available for both these WDs
and their clusters. For the Ruprecht 147 and NGC 752 WDs, we adopt the Gaia
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and CFHT photometry and our fit cluster parameters (Supplementary Fig. 3), and
for the more distant NGC 6121 (metal-poor globular cluster M4), NGC 6819 and
NGC 7789 WDs we adopt the Johnson BV photometry with our group’s previously
analysed cluster parameters'”. When atmospheric composition is known, WD
photometric-based parameters are precise with high-quality absolute magnitudes
and colours, which are based on each WD’s observed magnitudes corrected for
cluster distance, extinction and reddening. However, photometry by itself is not
able to determine atmospheric composition (unless ultraviolet filters are available),
cluster membership or single-star status. In addition, our available colours of
Johnson BV or Gaia’s BP-RP provide only imprecise T,; determinations at these
high effective temperatures.

To overcome these challenges, here we have continued to use the strengths of
spectroscopy to determine atmospheric composition, T,g, and spectroscopic mass,
and the combination of these parameters with photometry to test membership and
single-star status. However, these atmospheric compositions and spectroscopic
T, are now then also combined with a WD’s determined absolute magnitude to
provide an independent measurement of WD radius, and hence mass, based on the
Montreal cooling models.

This photometric mass is independent of the spectroscopic mass, even though
its determination involves spectroscopic T, because the spectroscopic T,z and
spectroscopic logg errors are not correlated. In addition, while the conversion
of log g to mass is T, dependent, it is weakly so at the moderate temperatures
of these observed WDs. These photometric M; determinations also show no
signature of a systematic offset between each WD’s spectroscopic M;. Therefore,
our adopted M, for each WD is a weighted combination of its photometric and
spectroscopic mass (see Table 1 for each WD’s absolute magnitude, photometric
M; and weighted-average M;). Furthermore, because these low-mass WDs at
the tip of the cooling sequences in these old open clusters are expected to all
have consistent mass, it is reassuring that this combination of photometric and
spectroscopic information provides a remarkably consistent M for each cluster
WD, more so than either the photometric or spectroscopic M; results on their
own. In constructing the weighted-average M,, the spectroscopic and photometric
estimates, My, and My,, are given a weight w that anticorrelates with the
individual error, namely ws = 1/0% and wp = 1/03, respectively. The final error
o associated to each weighted-average M is obtained via the standard relation
6 =1/y/o3? + 65°. As a consequence, the uncertainties of M; are reduced. In
particular, the scatter in M; among the WDs belonging to NGC 7789, which
populate the region close to the kink peak, shrinks considerably compared with
previous work'®. Lastly, Table 1 gives the cooling age and M, resulting from this
weighted-average M,.

These new semi-empirical IFMR data (see Table 1) have now been combined
with WDs from our previous publication'®, which have also been more precisely
analysed with the addition of their photometry. In addition, the WDs from M67'>"
(with their M; adjusted for consistency with our own PARSEC model fits of cluster
age and evolutionary timescales) have been included. However, due to limitations
with the available M67 WD photometry, only their spectroscopic WD parameters
are used.

These low-mass WD data can be described with the fitting relations (M; and M;
are in units of My):

0.447 +0.103 M;
0.001 + 0.399 M;
1.367 — 0.342 M;
0.210 + 0.181 M;

if 0.85<M;<1.51
if 1.51<M;<1.845
if 1.845<M;<2.21
if 2.21<M;<3.65

M¢ =

See our previous publications'>* for the IFMR at masses of M, > 3.65 M.

To establish the statistical significance of this kink, as illustrated in Fig. 1
and discussed here, we also rule out simpler IFMR fits of these low-mass IFMR
data. We first test that the WD M, errors are robust and are not underestimates.
This is done by comparing the M; errors to the intracluster M; scatters, where
at these lowest masses these WDs observed at the top of each cluster’s cooling
sequence can be assumed to have the same true M;and M,. For NGC 6121, M67,
Ruprecht 147 and NGC 7789, in each cluster 57% to 100% of the observed WD
M are within their individual 1o errors of their cluster weighted mean M;. For all
clusters combined, 75% (18 out of 24) of the WDs are within 1¢ of their cluster’s
M; weighted mean. Normal error distributions are that ~68% of the data should
be within 16 of their distribution’s mean. Therefore, the M, errors are reliable and
reproduce well the observed scatter.

Now that we have illustrated the robustness of the M; errors, these errors act
both as a weighting for the IFMR fits of these low-mass data and can illustrate
how well various IFMR-fit shapes represent these data. A weighted linear fit
of the low-mass data from M; of 0.85 to 2.85 M, (purple line) creates a poor
representation of the data where only 8 of the 26 (31%) low-mass WDs are
within their 1o errors of this linear fit, where again we should expect ~68% to
be for a representative fit. This fit also only gives a reduced chi-squared of 2.57,
representative of under-fitting the data.

The next level of complexity for fitting these data is a weighted linear fit from
0.85 to 2.15 M, (magenta line), or comparably from 0.85 to 2.00 M, (excluding
NGC 752-WDO01; blue line). However, like with our adoption of a kinked fit, both of
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these cases must still then be followed by a temporarily decreasing IFMR to match
back with the Hyades WDs at M, of 2.7 M, and to not overproduce 0.7 M, WDs in
the field. This latter point is illustrated in the Supplementary Section “The WD mass
distribution” and Supplementary Figs. 1 and 2. With both fits, 19 of the 26 (73%)
and 19 out of 25 (76%) low-mass WDs are now within their 1o errors of these fits,
but they are still unlikely representations of the data because these fits overestimate
the mass of nearly every M67, NGC 6819 and NGC 752 WD while they
underestimate the mass of nearly every Ruprecht 147 and NGC 7789 WD. Such
clumpy (non-random) residuals are extremely unlikely for a fit that well represents
the data. For reference, the reduced chi-squared values of these two fits are 1.88 and
1.09, respectively, the latter of which does not rule out its goodness of fit, but again
the clumpy residuals argue against this being representative of the data.

Finally, the low-mass IFMR (M, <2.21 M,,) is described with the three-piece
kink fit given above (black line), which connects to the intermediate-mass
2.21 <M;<3.65 and higher-mass IFMR discussed in greater detail in our previous
work'>*”. In addition, where the data remain limited between M, of 2.0 M, and
2.7 M, the fit is partially guided by the model in Fig. 4b. This three-piece kink is the
simplest fit that can both match the current IFMR data and produce appropriately
random residuals (20 of the 26 data WDs (77%) being within 1o of the fit and
with a reassuring reduced chi-squared of 1.02). At the same time, the kink IFMR
fit proves to be consistent with the field WD mass distribution in the Milky Way
(Supplementary Fig. 2e). Clearly, further IFMR data for 2.0 S M/M, 2.7 will be
valuable, but the existence of an IFMR kink is becoming established.

Stellar evolution models. We computed a set of TP-AGB models with

the COLIBRI code™, for 42 selected values of the initial mass in the range

0.8 SM/M, < 3.4, assuming a solar-like initial metallicity*’, Z=0.014. We recall
that, according to standard terminology, Z denotes the total abundance (in mass
fraction) of all elements heavier than helium. The initial conditions at the first TP
are taken from a grid of PARSEC tracks™. A key aspect of the TP-AGB models is
the integration of the ASOPUS code” inside COLIBRI. This allows to calculate
on-the-fly both the equation of state for about 800 atomic and molecular species
and the Rosseland mean gas opacities (for temperatures 2,500 K < T'<15,000K).
In this way, the effects of abundance changes, due to mixing events, on the
atmospheric structure can be treated in detail.

On the red giant branch, mass loss is computed using the Reimers law*, with
an efficiency parameter 1, =0.2. Later, the AGB mass loss by stellar winds is
described as a two-stage process”. During the early phases, for luminosities below
the tip of the red giant branch (log (L/Ls) = 3.4 — 3.5), we assume that mass
loss is driven by Alfvén waves in cool and extended chromospheres™. Later, as
long-period variability develops and the star becomes luminous and cool enough,
powerful winds are accelerated by radiation pressure on dust grains that condense
in the outer layers of the pulsating atmospheres. In the dust-driven regime, the
mass-loss rate is computed with different prescriptions according to the surface
C/O ratio, namely: a widely used relation™ (with an efficiency parameter 1,=0.01;
B95 in the text) based on dynamical calculations of the atmospheres of Mira-like
stars for the O-rich stages when C/O < 1, and a routine based on state-of-the-art
dynamical atmosphere models*"** for carbon stars when C/O > 1 (also referred to
as CDYN in the text). These models, in particular, predict that dust-driven winds
in carbon stars are activated only when (1) the amount of free carbon, C—O,
exceeds a threshold (C— 0),,,,, and (2) favourable conditions exist in the extended
atmospheres for condensation of dust grains. Inside the grid of wind models for
carbon stars adopted here, the threshold in carbon excess is predicted to vary
within a range, 8.25(C — 0),;,59.1, the exact value depending on other stellar
parameters, namely mass, luminosity and effective temperature. At solar-like
metallicity, Z=0.014, assuming that oxygen is not altered by the 3DU, such a
range in (C — O),,;, translates into a range of the minimum C/O required for
radiation-driven winds, 1.35(C/0),;,$2.7.

As long as suitable conditions for the activation of the dust-driven wind are
not fulfilled, typically during the early stages of carbon stars (characterized by
low C— O, low L/M ratios and relatively high T,;) the CDYN prescription cannot
be applied. In these cases, we reasonably assume that stellar winds are sustained
by pulsations alone”. Pulsation-driven mass loss is described by fitting a set of
dynamical models for dust-free atmospheres™, and expressing the mass-loss rate
(Mg yr™ with the form® M = exp(a MYR°), where M and R denote the star’s mass
and radius in solar units (a=—789, b=0.558 and c=—0.676). The resulting rates are
typically low, from ~10~°—10~7 M, yr~', but values of ~10-° M, yr~' can be reached
for suitable combinations of stellar mass, luminosity and effective temperature.

The set of mass-loss prescriptions described above constitutes our standard
choice for the models presented in this work. For the purpose of discussion,
we also apply to carbon stars additional options that do not depend on the
photospheric C/O, namely: the B95 formula or the semi-empirical formalism®'
(VW93 in the text) that relates the mass-loss rate to the fundamental-mode period
of pulsating AGB stars.

The 3DU is described with a parametric approach™ that determines the onset
and the quenching of the mixing events, and their efficiency 4. A 3DU episode
takes place when a temperature criterion is met, that is, provided the temperature
at the base of the convective envelope exceeds a minimum value, T{", at the stage
of the post-flash luminosity maximum. We adopt* log T{™! = 6.4.
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To perform a systematic exploration of the effect of the 3DU efficiency on the
IFMR, similarly to the approach introduced in an earlier study®, we ran a large grid
of TP-AGB models varying A from 0.05 to 0.7 in steps of 0.05 or 0.1, for all values
of M, under consideration. To avoid additional free parameters in the description
of the 3DU, we make the simple assumption that the efficiency 4 is constant during
the TP-AGB phase as long as the temperature criterion with T is fulfilled.
Therefore, the values of 4 should be considered as a measure of the average
efficiency of the 3DU experienced by a star of given initial mass.

The results are shown in Extended Data Fig. 1. We see that a sizeable scatter
is produced, as a consequence of the changes in both core mass and surface
chemical composition. The case 1=0.05 does not form any carbon star at any
M.. As to the models with final C/O > 1 we see that, on average, increasing 2
results in less-massive WDs at a given M. The reason is twofold. On one side, a
more efficient 3DU reduces the net core-mass growth (by an amount A X AM,
at each mixing event). On the other side, it enriches the atmosphere with more
carbon, which favours the onset of the dust-driven wind with consequent earlier
termination of the TP-AGB phase. The present model grid is used to calibrate 1 as
a function of M,, as discussed in the main text.

Data availability

The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request. Montreal
WD cooling models are publicly available from http://www.astro.umontreal.
ca/~bergeron/CoolingModels. The pulsation periods are computed with fitting
relations based on publicly available models that can be found at http://starkey.
astro.unipd.it/pulsation_models.html.

Code availability

The stellar evolution codes PARSEC and COLIBRI are not publicly available.

The mass-loss routine for carbon stars can be found at https://www.astro.uu.se/
coolstars/TOOLS/MLR-routines/C/. The code to compute the dust-grain growth
in the outflows of AGB stars can be retrieved from http://www.ita.uni-heidelberg.
de/~gail/agbdust/agbdust.html. The code used here to calculate photometry-based
WD parameters is available from https://github.com/SihaoCheng/WD_models.
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Extended Data Fig. 1| Comparison between the semi-empirical IFMR and model results. The semi-empirical data are shown with diamonds and error
bars covering the range of + 1 6. Newly discovered and newly analysed WD data (see Table 1) are shown in green. a-b, Predictions for the whole (M, 1)
grid of models. ¢-d, Selected models that are found to match the semi-empirical IFMR. The theoretical IFMR is colour-coded according to the values of the
efficiency of the 3DU (a-c) and the photospheric C/O at the end of the TP-AGB phase (b-d).
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Extended Data Fig. 2 | Examples of theoretical IFMRs that fail to account for the kink in the semi-empirical IFMR. a, Too high efficiency of the 3DU in
low-mass stars: A= 0.5 is assumed for all models that experience the 3DU. b, Mass loss insensitive to the photospheric chemical composition: the B95
mass-loss formula is applied to all models, irrespective of the photospheric C/O. The semi-empirical IFMR is the same as in Fig. 1, with error bars covering
the range of + 16.
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