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ABSTRACT

Since chemical abundances are inherited between generations of stars, we use them
to trace the evolutionary history of our Galaxy. We present a, robust methodology
for creating a phylogenetic tree, a biological tool used( for, centuries to study heri-
tability. Combining our phylogeny with information on stellar ages and dynamical
properties, we reconstruct the shared history of 78 stars in the Solar Neighbourhood.
The branching pattern in our tree supports a scenario\in which the thick disk is an
ancestral population of the thin disk. The transition’from thick to thin disk shows
an anomaly, which we attribute to a star formation burst. Our tree shows a further
signature of the variability in stars similar.to the*Sun, perhaps linked to a minor star
formation enhancement creating our Solar ‘System. In this paper, we demonstrate the
immense potential of a phylogenetic¢ perspective and interdisciplinary collaboration,
where with borrowed techniques from biology we can study key processes that have

contributed to the evolution of'the Milky Way.

Key words: Stars: evolution — Galaxy: evolution — Stars: abundances

1 INTRODUCTION

After the publication of Darwin’s the Origin”of Speciés in
1859, it took almost a century for DNA e.be recognised
as the mechanism for biological inheritance. It is a molecule
that allows the traits of an organismdo be‘passed from one
generation to the next. Yet without any,knowledge of DNA,
Darwin understood that heritability underpinned descent
with modification (see App. A1)jwhich in turn underpinned
evolution. He depicted the patternsof descent among organ-
isms as an evolutionary tree.Af there is some heritability in
a system, then a tree of descent is an extremely apt model.
Today, in all branches“ef“biology, trees — now more gener-
ally known as phylogenies — are a major tool for analysing
evolutionary/histories:

At first sight, it might seem that the underlying princi-
ple of heritability necessary for a phylogenetic analysis does
not gccur in galaxy evolution. After all, they have no DNA or
genes.\However, heritability does play a role in the chemical
evolution of galaxies. The stars forming and dying in galax-
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ies are both carriers of chemical information and responsible
for the modification and evolution of galactic chemical com-
position. Indeed, stars are the main producers of chemical el-
ements heavier than helium in the Universe (Burbidge et al.
1957; Kobayashi et al. 2020). In each star formation episode,
stars of a wide range of masses are born. The massive stars
die quickly and eject new heavy elements into the exist-
ing interstellar medium (ISM), hence modifying the galactic
chemical composition. This new material collapses to form
gas clouds, which form new generations of stars. These stars
inherit the chemical composition of the dead stars (Chiap-
pini et al. 1997; Matteucci 2012; Andrews et al. 2017).

Low-mass stars live longer, and their atmospheres pre-
serve the chemical composition of their ancestral gas clouds,
hence serving as fossil records for chemical evolution stud-
ies (Freeman & Bland-Hawthorn 2002). These long-lived,
low-mass stars form the bulk of stellar observations in the
Milky Way. With Gaia, we have now more than one billion
positions and motions of individual stars (Gaia Collabora-
tion et al. 2018), which can be combined with spectral data
from several spectroscopic surveys (see e.g. recent review
of Jofré et al. 2019). This allows the study of the distri-
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bution of chemical abundances across the Galaxy (Wheeler
et al. 2020), which combined with information on stellar
ages where available, can provide crucial information on how
chemical patterns have evolved with time (Ness et al. 2016;
Buder et al. 2019).

Despite the wealth of current data, combining the mul-
tidimensional information of individual ages, motions, posi-
tions and different chemical abundances of millions of stars
into a few logical final visual products that paint the history
of our Milky Way is very challenging. This has been a bar-
rier to addressing some of the long-standing questions about
the creation of the chemical elements and how they encode
the formation and evolution of the Milky Way.

Attempts to reduce the dimensionality of the datasets
have been published recently (e.g., Anders et al. 2018;
Garcia-Dias et al. 2019; Price-Jones et al. 2020), show-
ing that stars from different groups indeed trace different
chemical evolution histories. Understanding of how the stars
within each group and between groups are connected within
the evolutionary context of the Milky Way as a whole is still
missing.

Combining multidimensional datasets to reconstruct
history is a challenge in most evolutionary studies. Long-
term history must be reconstructed from sparse signals from
the past — fossils in the case of biology, the chemical pat-
terns of stars in the case of astronomy. These fossil records
contain information that span a wide range of dimensions. If
that information is heritable, then it is possible to use a phy-
logenetic approach. Hence, we can borrow the phylogenetic
approach from biology to reconstruct galactic evolution.

In any evolutionary analysis, there are two components
— one, the actual phylogeny of the constituent lineages, and
two, the context, which is assumed to influence the shape
of the tree. The former is reconstructed from the heritable
traits of the organisms, and the latter by the environment
shaping the phylogeny (for example, climate change in the
case of species on Earth). In galaxy evolution, the trait§
or variables contributing to heritable component are those
encoding the chemical pattern of the stars. Variables that
reflect the context include those that describe the dynamical
‘environment’ of the star, such as interactions with/the, bar
and spiral arms and/or the galaxy’s external enyironfnent,
which could lead to changes in positions through-processes
such as radial migration and heating.

In this paper, we assemble data’on the chemical com-
position of low-mass stars and organise these into a for-
mat amenable to phylogenetic{ analysis, so that stars can
be linked in a tree that reflects shared ancestry. Using this
approach, we build a tree ‘ofsnearby stars covering a wide
range of ages, with thelaim6f revealing evolutionary path-
ways in the Milky Way. We then use the context, inferred
from the ages and motions of the stars and their relation-
ship to each otherj to identify the processes of Milky Way
formation, from its ancient to its present form.

Other standard astronomical approaches may achieve
similargconelusions to what is presented here, but usually
witha larger sample of stars and with the consideration of
modelsy Here we will show that the advantage of a phylo-
genetic ‘approach lies in the significant information about
shared histories that can be empirically uncovered with a
small sample of stars. Firstly, the overall structure of the tree
can reflect particular processes (in biological evolution, for

instance, the difference between a tree with a burst of spe-
ciation (see App. A2) suggests a very different process from
one where branching occurs evenly spread throughout the
tree). Secondly, linking branching events to ages can inform
the timing of events; and lastly, trees are seldom perfect,
and the anomalies and outliers can often indicate important
parts of the history worthy of further investigation.

In Section 2 we describe the stellar data used for this
work and in Section 3 we explain a new robust methodology
to create a phylogenetic tree with stellar chemical data. Our
results are presented in Section 4 which are discussed and
interpreted in terms of Galactic history in Section 5. We
finish the paper with our Conclusions in Section 6

2 DATA

Below we introduce the sample of stars for which weiereate
a phylogenetic tree, and the abundance ratios'we use to de-
pict their chemical patterns. The stellar data used for our
analysis (traits, ages and kinematics). can be/found in the
online table.

2.1 Sample

We chose stars that have wery similar spectra to the Sun (i.e.
they are ‘solar twins)), which allows chemical abundances
and ages to be derived relative to the Sun, achieving the
highest accuracy and precision possible in stars (see reviews
of Nissen &.Gustafsson 2018; Jofré et al. 2019, for further
discussions). "T'his' incurs a bias in our perspective of the
Milky Way, as the stars are similar in iron content and are
all €lose to us. However, they can still have a significant
spread‘inages (from 0 to 10 Gyr) and abundance ratios of
different chemical elements can differ up to 1 dex. Thus they
still)serve as snapshots of different evolutionary epochs (see
e.g. Nissen et al. 2017; Nissen et al. 2020).

We use a sample of solar twins whose chemical abun-
dances and ages have been determined and published by
Bedell et al. (2018). The sample comprises 79 stars (includ-
ing the Sun) and abundances are measured for 30 elements,
in addition to precise ages. We exclude star HIP64150 for
having peculiar chemical abundances, probably due to mass-
transfer episodes with a companion (see details in Bedell
et al. 2018), leaving a final sample of 78 stars.

The stellar abundances were derived by the respec-
tive authors following standard procedures of stellar spec-
troscopy from the high-resolution HARPS instrument. They
determined line-by-line differential abundances with respect
to the Sun. To do so, they measured equivalent widths from
lines that are clean and not saturated in the star’s spectrum
and that of the Sun. Using 1D-LTE atmosphere models they
determined the abundance from the equivalent widths using
the linear part of the curve of growth. The median uncer-
tainty in the abundance measurements is 0.008 dex corre-
sponding to the line-to-line scatter. Ages were determined
using standard isochrones, also differentially with respect
to the Sun. Details about this procedure are found in Be-
dell et al. (2018) and extensive discussions and applications
of the differential abundance determination method can be
found in Nissen & Gustafsson (2018). We comment here that
at this level of precision effects such as deviation from the
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assumption of LTE might become significant, even if in gen-
eral stars like our Sun can be analysed with a 1D-LTE pre-
scription relatively safely (see recent study of Amarsi et al.
2020, for effects of non-LTE for a large variety of stars). The
advantage of the differential method for twin stars is that it
allows for detecting relative differences in the abundances,
thus these effects are likely cancelled. For our methodology
for building the tree, we will only care about relative differ-
ences.

Kinematic information is taken from the HARPS data
and the second data release (DR2) of Gaia (Gaia Collabo-
ration et al. 2018). The HARPS spectra provide radial ve-
locities of the stars and Gaia DR2 provides sky positions,
parallaxes, and proper motions. As the stars are all very
nearby, their distances are well approximated by the inverse
of the parallax.

The kinematics are analysed in terms of actions and
birth radii. Actions are an invaluable description of the cur-
rent orbital properties of the star. In an axisymmetric sys-
tem, J, is the radial action and measures the range of motion
in the Galactic plane. J, is the vertical action and measures
the range of motion above and below the galactic plane. L.
is the z component of angular momentum and gives an ap-
proximate radius in the galactic plane for the orbit. We use
the action finding-package in AGAMA (Vasiliev 2019) and
the most probable Milky Way gravitational potential from
McMillan (2017) to calculate actions from the 6D phase-
space coordinates of the stars. The actions can be combined

(%) to give a measure of the eccentricity of the current
orbit.

Assuming the orbits of the stars have not significantly
evolved with time, the motions of the stars can be followed
backwards in some assumed gravitational potential for their
age to predict the radii at which they are born (R). Due
to theoretical uncertainties in the Milky Way potential and
stellar age, as well as uncertainties in the measurements of
stellar motions, the birth radius becomes quite uncertain for
stars older than 1 Gyr. Also, secular processes such as radial
migration may cause the actions of the stars to evolve over
time (). Therefore the birth radii should be takend as just.a
rough indication of the origin of the stars.

2.2 Chemical abundance ratios/used, asrtraits

Since many chemical elements are produced’at similar astro-
physical sites, we have chosendtraits that are evolutionary
informative (Jofré et al. 2020). ‘Adding traits that do not
evolve with time or that do"mot vary significantly among
stars only adds noise to any phylogenetic signal that may
be in the data and_therefore’can be ignored. We select the
abundance ratios(presented in Jofré et al. (2020) to produce
our tree. Thesecorrespond to [C/Y], [C/Zr], [C/Bal, [C/La],
[C/Cel, [C/Nd], JO/X], [0/Bal, [Na/St], [Na/Y], [Na,Z],
[Na/Bal.( [Na/La), [Na/Cel, [Na/Nd], [Mg/St], [Mg/Y],
[Mg/Ze|, [Mg/Bal, [Mg/La], [Mg/Ce], [Mg/Nd], [Al/Y],
[Al/Ba], [Si/Zr], [Si/Bal, [Si/La], [Si/Ce|, [Ca/Bal, [Sc/Sr],
[SefYT\[Sc/Zx], [Sc/Bal, [Sc/Lal, [Sc/Ce], [Sc/Bal, [Ti/Y],
[Ti/Bal; [Ti/Bal, [Mun/Y], [Mn/Ba], [Co/Bal, [Ni/St]
[Ni/Y], [Ni/Zr], [Ni/Bal, [Ni/Lal, [Ni/Ce], [Cu/Sr], [Cu/Y],
[Cu/Zr], [Cu/Ba], [Cu/Lal, [Cu/Ce], [Zn/Ba].

Some of our heritable traits have been discussed previ-
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ously in the context of “chemical clocks” (da Silva et al. 2012;
Nissen 2015; Delgado Mena et al. 2019). As recently exten-
sively discussed in e.g. Casali et al. (2020), not all “chemical
clocks" hold for all stellar samples, and it is yet to be seen
how their dependency with age changes accross the Galaxy
and parameter space. The seemingly non-universality of
these abundance ratios as a function of stellar age moti-
vates us to treat them simply as heritable traits instead of a
measure of time like a clock (see further discussions in Jofré
et al. 2020).

Only the chemical abundances are considered as
herirable traits to build our trees, since the only heritable
information for chemical evolution are the chemical abun=
dances. Ages and kinematics are only used to help us with
the interpretation of the tree in terms of Galactic history
but should not be used to construct phylogenetic trees:

3 METHODS

In this Section, due to the interdigciplinary nature of our
work, we give a detailed account\of constructing phyloge-
netic trees, starting with a brief overview of the basics of
phylogeny relevant to this-Study. In-depth explanations of
the foundation of phylogenetics can be found in the litera-
ture (Baum et al. 2005; Eelsenstein 2004, 1988; Hall 2004;
Lemey et al. 2004):»We then explain the steps involved
in generating a tree of stars using chemical abundances as
traits.

3.1 /Building phylogenetic trees of stars

Phylogeny’ tells us which of the taxa (see App. A3) we wish
toCompare (e.g. organisms, species, viruses, etc.) are most
closely related. Phylogenetic trees visualize these relation-
ships (Baum et al. 2005; Felsenstein 2004, 1988; Hall 2004;
Lemey et al. 2004). Phylogenetic methods have already been
applied beyond evolutionary biology, to model the evolu-
tion of language and other human cultural activities (Gray
et al. 2009; Retzlaff & Stadler 2018), e/g/, they are not
restricted to modelling the evolution of genes only. In the
application of phylogenetic methods to reconstruct the evo-
lutionary history of the Galaxy, the stars are the taxa, as
they carry their evolutionary information in their chemical
makeup. Even though these stars shine in the sky today,
their chemical makeup represents that of the gas cloud at
the time and place they were born. Therefore, our phyloge-
netic tree tracks the relationships of these stellar fossils to
study the evolving insterstellar medium of the Galaxy.

Other astronomy studies have also attempted to apply
phylogenetic methods to chemical abundance data in stel-
lar samples. For example, Blanco-Cuaresma & Fraix-Burnet
(2018) used the concept of phylogeny from biological clus-
tering methods to classify stars based on their chemical sim-
ilarities. Jofré et al. (2017) applied phylogenetic methods to
stellar data with the aim of revealing the evolutionary his-
tory of the galaxy as a proof of concept.

Our goal here is not to order the stars in similarities and
differences, but to use the principle of descent with modi-
fication (see App. Al) and chemical heritability to reveal
the evolution of the interstellar medium from which these
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stars formed. Hence, we must first order the stars in simi-
larities and differences in their chemistry similar to Blanco-
Cuaresma & Fraix-Burnet (2018). To do so, we use the meth-
ods detailed in our previous paper (Jofré et al. 2017) as
a baseline but have developed a far more robust pipeline,
based on phylogenetic studies in evolutionary biology. It con-
tains three steps: (1) encoding evolutionary traits, (2) tree
generation, and (3) evaluating tree robustness.

3.2 Encoding evolutionary traits

Since existing modern phylogenetic tools are intended for
biological applications, they are specially designed to take
molecular (DNA) data as a discrete sequence of thousands
of nucleotides, (Drummond & Rambaut 2007; Hall 2013;
Maddison & Maddison 2009). In contrast, the evolutionary
information of stars (i.e. stellar “DNA”) is encoded in their
elemental abundance ratios, and is continuous. Additionally,
as opposed to thousands of genes, stellar data contains only
tens of elemental abundance ratios per taxa. We still do
not fully understand which chemical abundance ratios best
trace chemical evolution for all stellar populations because
of the variety of dependencies in the physical processes of
galaxy assembly and the uncertainties in stellar yields (see
e.g Matteucci 2012; Kobayashi et al. 2020). Nor do biologists
fully understand how genes evolve in every species in every
place since the beginning of life on Earth. Phylogenetic trees
are the tools designed to help understanding how all of this
combines.

Before evolutionary biologists began using nucleotides
as traits, they too presented heredity traits as a contin-
uous measurement. As a result, they developed methods,
which use distance matrices to quantify similarities between
the taxas’ traits (Lemey et al. 2004). Recent advances in
the field demonstrate that although DNA is the best fea-
ture for studying life on Earth, phylogenetic trees based
on nucleotides alone can not represent the complete his-
tory of species. For example, DNA sequences are not avail:
able for all species (especially those that are extinct)sThis
has profound implications in e.g. predicting the existence
of very distinct species in the past, such as someikinds of
dinosaurs (Bromham 2016). Therefore, several methods re-
lying on other traits measured from e.g. fossil evidence, play
a fundamental role to constrain molecular, evolution. That
motivates us to use such methods based on distance ma-
trices to encode our continuous traits (the stars’ elemental
abundances).

The distance matrix contains thé pairwise chemical dis-
tance of all stars in our sample:"We experimented with using
Euclidean, Manhattan, and Minkowski distance methods of
each of our abundanecesratios. The choice of distance metric
had a minimal impact on the differences between the final
results and conclusions. Our final implementation used the
Euclidean distance;

3.3 Treergeneration

While the ideal method to find a phylogenetic tree for a
set of data would be to evaluate every possible tree, this
quickly becomes computationally intractable. For n > 2

Cn=3)!_ possible rooted trees (see App. A4) exist

taxa, 2 (n_2)!

(Felsenstein 1978). This is on the order of 10'3 possibilities
for the 78 stars in our dataset.

The computational complexity motivates the use of one
of the many simplified distance methods for tree genera-
tion. The most basic ones are the unweighted pair-group
method with arithmetic mean (UPGMA), Fitch-Margoliash,
and neighbor-joining (NJ) (Sokal & Michener 1958; Fitch
& Margoliash 1967; Saitou & Nei 1987) algorithms. Af-
ter more than a century of research on constructing phy-
logenetic trees, modern evolutionary biology studies tend
to use more sophisticated phylogenetic methods that use
a Bayesian analysis to create and interpret evolutionary
trees (Felsenstein 2004; Lemey et al. 2004; Drummond et al:
2012). However, these methods require the definition ofta
scientific model for trait evolution to be incorporated-into a
tree. We intend to develop this in future work.

Each distance method makes several assumptions about
the evolution of the taxa. Several of these assumptions as-
sume they are molecular clocks with a constantievolutionary
rate of change (e.g. a universal rate of eyolution), They con-
tradict our theories for chemical evelution, since we know
that chemical evolution happens_ on, different timescales at
different places (Matteucci 2012; Casali’ et al. 2020). The
NJ algorithm is the best method for our purpose, as it does
not assume the taxa are molecular’clocks (Gascuel & Steel
2006). UPGMA assumeés molecular clocks, and the Fitch-
Margoliash method requires a complex correction for error
when the evolutionary rates of the taxa differ (Lemey et al.
2004; Felsensteiny2004).

The NJ algorithm is not only efficient, but produces
reliable phylegenies, and has been compared to more so-
phisticated, probability-based phylogenetic methods (Atte-
son1997; Kuhner & Felsenstein 1994; Lemey et al. 2004;
Mihaeseu et al. 2009). Furthermore, the NJ algorithm was
employed in Jofré et al. (2017), allowing us to make better
comparisons of our findings with the previous ones.

3.4 Evaluating tree robustness

While the output of the NJ algorithm might provide a viable
empirical evolutionary tree for the data, the final tree should
account for uncertainties in the trait measurements.

To do this, phylogeneticists often apply a bootstrapping
algorithm to incorporate known and/or random uncertainty
into the data. After generating many trees from hundreds
to thousands of resampled datasets, the trees are combined
into a final consensus tree, which represents the most stable
phylogenetic result. In this study, we implemente a para-
metric bootstrapping algorithm (i.e. Monte Carlo sampling)
and the maximum-clade credibility algorithm.

Parametric bootstrapping involves running a Monte-
Carlo simulation based on the distributions of the original
data points (Felsenstein 2004). Since we know the distribu-
tions from which our data points were drawn (i.e. we have
the uncertainties in the abundance measurements), we can
use parametric bootstrapping to resample the original data.
In the end, we generate 1000 phylogenetic trees based on
random resamplings of the uncertainties in the abundance
measurements, reflected in 1000 different distance matrices.

To synthesize our sample trees into a final, possi-
ble result, we use the maximum-clade-credibility algorithm
(Drummond & Rambaut 2007). The maximum-clade credi-
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bility algorithm evaluates every clade (see App. Ab) in each
sample tree in order to find the tree whose clades have the
highest support. When generating the final tree, the algo-
rithm finds which tree from the sample trees has the highest
overall support.

A popular alternative to maximum-clade credibility is
the majority-rule consensus algorithm, which was employed
in Jofré et al. (2017). Majority-rule consensus synthesizes
the most common bifurcations (those that occur at least
50% of the time) in the posterior trees into a final output
tree (Margush & McMorris 1981). However, the majority-
rule consensus algorithm has few drawbacks. Firstly, the fi-
nal tree is very dependent on the cutoff threshold. Usually
the value employed is 50%, which would allow a branch with
51% confidence to trump a branch with 49% confidence in
the final output (Lemey et al. 2004). This seems too arbi-
trary for our stellar data. Secondly, it is difficult to represent
accurate branch lengths in the final majority-rule-consensus
tree because each selected bifurcation may come from a sep-
arate topology (Lemey et al. 2004). Finally, the algorithm
builds a new tree that may have never been sampled during
bootstrapping, so the final consensus tree may not be one of
the sample trees (Cranston & Rannala 2007) and therefore
might not represent any true phylogeny.

As a final step, we truncate short branches in the final
tree to guarantee our branching pattern is not a product
of uncertainties. The performance of NJ will be accurate
if all the error values in the distance matrix are less than
1/2 the shortest branch length in the tree (Atteson 1997).
This motivates truncation of branches shorter than 3¢ (0.024
dex) in the final tree, where o (0.008 dex) is the median
uncertainty in the abundance measurements.

However, truncation will cause multifurcations, or poly-
tomies (see App. A6), in the tree. While polytomies are often
considered signs of a faulty tree in evolutionary biology, in
the stellar case, they may be appropriate. Because there are
So many uncertainties in astronomical measurements, havt
ing an unresolved branching pattern is better than having
an incorrect one. Polytomies can hint towards interesting
events happening in the past, as we shall discuss farther.

The trees are generated using the R packagés,phangorn
and associated libraries (Schliep 2011; Schliep et al32017)

4 RESULTS

Our resulting tree is shown in Fig. la. The tree represents
the hierarchical differences of pair-wise chemical Euclidean
distances of each star included in our sample. To understand
the different stellar populations in our tree better, we have
coloured stars according“to their position in the tree. This
helps us to attribute, the'stars to astrophysically meaningful
stellar populations.

4.1 Stellarspoepulations

To Aurther examine the general properties of our stars we
examine the groups in terms of their chemical abundances
(Fig.1b), age, and kinematic variables (Fig. 2 and 3), re-
spectively. We examine them in terms of [X/Fe] but these
are not the abundance ratios used to build the tree (see fur-
ther discussion in Appendix B1).

© 2020 RAS, MNRAS 000, 1-7?
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The chemical abundances are examined in four main
nucleosynthesis channels (Jofré et al. 2020) that represent
different epochs after a given star formation episode and
different rates of chemical enrichment. The a-capture ele-
ments of the top panel enrich the ISM through the death
of massive stars during the first 100 Myr after a star for-
mation episode (Arnett 1978; Tinsley 1979). The iron-peak
elements in the second panel from the top originate from ex-
plosions of white dwarfs that accrete mass from binary part-
ners (Ptitsyn & Chechetkin 1980; Kobayashi & Nakasato
2011; Nomoto et al. 2013). They start enriching the ISM
about a Gyr after the star-formation episode (Tinsley 1979;
Matteucci & Recchi 2001). Not all iron-peak elements fol
low the same trend. The odd-Z elements classified in/the
third panel from the top are formed in shell-burning massive
stars, similar to a-capture elements, but with a special de-
pendency on metallicity, so their enrichment rate varies with
time (Kobayashi et al. 2006). Neutron-capture elements in
the bottom panel are heavier than iron. They are produced
by the rapid(r)-process (produced from the explosions of
massive stars that have been stripped of their outer enve-
lope of hydrogen and mergers of meutron stars) (Argast &
Samland 2004; Wanajo & Ishimaru, 2006) and the slow(s)-
process (produced in asymptotic giant branch stars) and
so contribute to the enrichment of“galaxies over a range of
timescales (Busso et al’i1999;=Karakas & Lattanzio 2014;
Kobayashi et al. 2020).

Stars in magenta andyred range in age between 0 and 8
Guyr, are generally, on lower-eccentricity orbits, and have low
a—capture/iron ‘and-odd-Z/iron ratios. Therefore, we can
attribute them to\the thin disk of the Milky Way. Stars in
blue are“old (8-10 Gyr) and have high a—capture/iron (es-
pecially the light a—elements) and odd-Z/iron ratios.
They moveé on orbits of a range of eccentricities, and there-
fore we attribute this group to the thick disk, in agreement
with/previous studies (Nissen et al. 2017; Jofré et al. 2017;
Bedell et al. 2018). Neutron-capture/iron abundances, in
particular the light ones which are mostly produced through
the s-process, are more enhanced for the young stars, but
those produced mainly through the r-process are higher in
the thick-disk stars. This is consistent with conclusions from
independent chemical evolution studies (Battistini & Bensby
2016). We call thin-disk stars with ages comparable to the
Sun (magenta) ‘solar contemporaries’ and young stars (red)
just ‘young’. The youngest stars are on the least eccentric
orbits as they have had less time for their orbits to have
‘kinematically’ heated through interactions with other per-
turbations in the disk.

We call those coloured in yellow ‘burst’ stars. In terms
of age, kinematics, and chemical abundances they are in-
termediate between the thick disk and thin disk, though
sometimes follow abundance trends like observed for the
thick-disk stars and sometimes like observed for the thin-
disk stars. They are therefore unlikely to have originated
from outside the Milky Way, which is why they do not ap-
pear as a separate branch from the thin and the thick disk
branch. We comment on a similar population in our previous
work in (see discussion about “orange population” in Jofré
et al. 2017). Our method and data to build the tree in that
work did not allow us to resolve the branching pattern of the
oldest stars (see also Fig. B2a), hence not making it possible
to conclude the nature of this population. In our new analy-
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Figure 2. Logarithm of the vertical action against the logarithm
of the radial action shown on the left, and logarithm of the radial
action against the absolute z-component of angular momentum
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(orange stars) groups of stars generally have higherradial actions
than other stars, and slightly higher vertical actions. The right
plot shows that the T (blue circles) and B (orange stars) groups of
stars generally have lower z-components of angular momentum.

sis, which contains more, and'more indicative traits, as well
as more stars, we see that the orange branch is indeed an-
cestral to the magenta’and red branch. Therefore, we reject
the possibility of4such stars being of extra-galactic nature
(see Jofré& etial. 2017, for discussions).

The yellow group has a notably higher degree of chem-
icalsimilarity between them than presents between stars in
thevother, groups, reflected by overall very small error bars
in the abundance means plotted in Fig 1b. This explains the
lack.of hierarchical structure within them in the tree, as well
as the low percentage score of their nodes (See Fig. B3 and
discussion in App. B3). In their distributions in Fig 2 and

3, they do”mot,clump in dynamical space. Therefore, it is
unlike they come from a cluster.

Fooking at the distribution of birth radii, they appear
toshave originated from the inner regions of the Galaxy.
Howeverythe thick-disk stars also appear to have originated
from farther in. This is likely a selection effect. The inside-
outformation scenario of the Milky Way disk predicts that
iron content of the ISM increases with time and decreases
with distance from the Galactic centre (Frankel et al. 2018).
Therefore selecting stars with an iron content close to that of
the Sun biases the sample towards either nearby stars born
recently (i.e. the thin-disk stars) or older stars born further
in that have travelled to us on eccentric orbits (i.e. the burst
and thick-disk stars). This explains why their z component
of angular momentum is biased towards smaller radii.

This analysis allows us to conclude that the lower
branch corresponds to stars belonging to the thick disk while
the upper branch corresponds to stars belonging to the thin
disk.

4.2 Stellar phylogeny

Our final tree is illustrated in Fig. 4 , which is the same
tree we plotted in Fig. 1a but here the stars are color-coded
by their ages. In the figure, we further include the naming
of branches and clades, such that we can proceed with their
astrophysical interpretation. In this section, we will focus on
what this tree tell us about our chosen sample.

It is worth clarifying that all livings species share a com-
mon ancestor and all are related to one another. Theoreti-
cally, it is possible to construct a phylogeny for any combi-
nation of plants, animals, fungi or microbes that will reflect

© 2020 RAS, MNRAS 000, 1-7?
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the shared evolutionary history of those taxa. However, re-
constructing the Tree of Life in its entirety would require
sampling not only every living species on the planet but
also all the extinct lineages that have ever existed. Thus, bi-
ologists have necessarily had to use trees reconstructed from
a subset of living and extinct taxa as a proxy for the Tree
of Life. The same is true of our stars - the tree we find will
only show the branches that link the stars in our sample.
Thus the component of galactic history that we reconstruct
is determined by the way in which we select our sample
of stars. We can choose a sample with a known selection
function, but we must ensure that all the stars included are
subject to the same quality of analyses so that any differ-
ences among them represent real signals of chemical evolu-
tion. Alternatively, we can choose a sample whose traits are
homogeneously measured and whose uncertainties are equal
among measurements, sacrificing the clarity of a known se-
lection function. Regardless of how we chose to select our
sample, the choice of stars will impact the final tree, but
that does not invalidate the principle of the relationships
among the stars in the galaxy. This is further discussed in
Appendix B2.

Our phylogenetic tree shows three interesting features
from which we can reveal the evolutionary history of the
Milky Way. The first is that our tree is asymmetrical or
imbalanced; the second is that the tree’s general branching
pattern appears to correlate with the ages of our sampled
stars; and the third is a number of areas on the tree that
deviate from that general pattern (A1, A2 and A3 in Fig. 4).

4.2.1  Tree imbalance

Our tree is asymmetric or imbalanced because the stars are
not distributed evenly among its branches. For example, in
our tree the thin disk contains far more of the sampled stars
than the thick disk. Imbalanced trees are common in biolog-
ical systems and are thought to be a consequence of the rate
of species formation changing between lineages throughout
evolutionary history (Heard 1996). In our case, this i§ likely
a consequence of the unknown selection functions The ‘tree
therefore should not be used to e.g. find the relativenumber
of thin and thick disk stars in the Solar Neighborheod by
counting stars in each of the branches. Whilesamples ex-
ist from current spectroscopic surveys (Stenkuté et al. 2016;
Mints & Hekker 2019; Everall & Das 2020, see e.g.) with
better understood selection functions, theSe samples have
spectra of significantly lower signal-to-noise and resolution
than our sample. That leads to abundance ratios that have
higher uncertainties (Roederer,et al. 2014; Adibekyan et al.
2016; Jofré et al. 2019) and’lower number of abundances
measured. This could be‘reflected in a tree that is poorly
resolved if the same'traits as here were employed. Perform-
ing a study using survey data with our current method is
beyond the scopetof’this paper but remains part of future
developméent,for our method.

Even though the solar-twin sample contains stars with-
out“a well-understood selection function, our tree’s imbal-
ance suggests that our sample of nearby solar twins are pri-
marily of the thin disk and trace the chemical evolution there
untilthe present day. It is expected that a sample with a bet-
ter understood selection function and same highly accurate
and precise abundance ratios would not be in strong con-

tradiction with our current findings. We know that we live
embedded in the thin disk, where chemical evolution is still
taking place, and that the majority of nearby stars belong to
that population (e.g. Nissen et al. 2020; Miglio et al. 2020).
Our phylogeny is consistent with that knowledge.

4.2.2  Timeline

Our branches, particularly those connecting to stars that are
younger than 6 Gyr, have a branching pattern that gener-
ally agrees with the ages of the sampled stars i.e. the young
stars are close relatives of young stars, the intermediate-age
stars are closely related to other intermediate-aged stars,
and the old stars are close relatives of other old stars. This
age-dependent branching pattern in the thin-disk conforms
to our prior expectation that by sampling these stars'we are
really repeatedly sampling the ISM through timey This is
a product of having selected traits that evelve with time.
In biological terms, it is like our stars are multiple fossils
separated in time but sampled from the same evolving lin-
eage. Thus, some of what appears to beya_time-dependent
branching process may actually bevwenagenesis — the grad-
ual evolution of a single lineage through/time, the ISM (see
App. AT).

In order to further comstrain this time-dependent
branching process for ‘chemical evolution the stellar sam-
ple we have chosen might net be optimal. Firstly, with data
we can never be certainjhow much stars might have mi-
grated from theiribirth place, confusing us with their actual
chemical signaturesjand positions in the Galaxy (Sellwood
& Binney 2002; Minchev et al. 2019; Sharma et al. 2020).
Secondly;nit is possible that some of these stars are actu-
ally“siblings (e.g. coeval and with identical chemical com-
position, formed in the same cluster Bland-Hawthorn et al.
2010) but the uncertainties of their ages and chemical abun-
daneés measured imply they look different for the tree build-
ing method. Thirdly, stars can be doppelgingers (having es-
sentially same chemical compositions but being unrelated,
e.g., Ness et al. 2018). In fact, we have assumed that every
star is sampling a different stellar generation. There are al-
ternative samples of stars that might help us to be more cer-
tain about this assumption (for example, open clusters), but
that implies developing a different method than here due to
the challenges in the homogeneous spectral analyses of open
clusters of different ages and metallicities at the precision
level of our solar-twin sample for a large sample of clusters
(Blanco-Cuaresma & Fraix-Burnet 2018; Casamiquela et al.
2020). Alternatively, one could use synthetic data. Compar-
ing models to data is however challenging due to uncertain-
ties in both, models and data (Matteucci 2012). Therefore,
undertaking such a study is subject of further investigations.
We would also like to note that probably less than half of
the stars in the disk have radially migrated. For example,
Frankel et al. (2018) find that the ISM signature is still de-
tectable. It is therefore likely that our method still could
give a decent estimate. The values agree qualitative with
our results, in which we find that given our fixed metallicity
selection, higher-dispersion stars have lower birth radii and
are placed at separate branches in our tree.

The fact that our sampled data shows in the thin disk
branch that stars close in age are close in the tree is very
encouraging. Not only because it implies using phylogenetic

© 2020 RAS, MNRAS 000, 1-77
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tools can be used to study relationships of stars and their
shared chemical evolution, but because the fundamental idea
of chemical tagging for reconstructing the building blocks
of the disk (Freeman & Bland-Hawthorn 2002) can indeed
work. We can use the chemical abundances of stars combined
with phylogenetic methods to find the Solar family (Bland-
Hawthorn et al. 2010).

4.2.8 Anomalies

There are a number of nodes on the tree where there are
deviations from a general time-correlated branching pattern
producing clades (see App. A5). Their position on the tree
may be linked to a historical event. We have labelled notable
anomalies A1, A2 and A3 in Fig. 4. A1 is the concentration of
stars at the bottom of the thin disk branch. The hierarchical
differences among these stars are poorly resolved (see also
the poor support of these nodes in Fig. B3). This leads to
a large polytomy (see App. A6). While our stellar sample
does not follow a clean selection function, we have no reason
to believe that we would be choosing by chance more stars
with the properties of A1 among other older or younger solar
twins. Thus, A1l may point to an event that increased the
rate of star formation at that time, whose implications are
discussed further in Sect. 5.

The Sun is located in A2. Since the ages in that clade are
also very similar, the immediate interpretation is that the
stars in A2 are the solar siblings from from the same cluster.
If that were the case and chemical tagging could work, one
would expect their kinematics to support a common origin.
However, they do not clump in dynamical space (see below),
which suggests they do not come from the same region of
the Galaxy. A2 might be yet another signature of enhanced
star formation as Al, but less extreme than Al. Tt could
be related to the first significant collision of the Sagittarius
dwarf galaxy about 5-6 Gyr ago. Indeed, the recurrent im-
pact of the Sagittarius dwarf on the star formation® history
of the Milky Way has been characterised with Gaia data
(Ruiz-Lara et al. 2020), suggesting that the Selar'system
formation was a consequence of the first-of such=collisions.
In that work, however, the Sun was not partiof the sample
they studied. Here we include the Sun, and'find its place in
the tree supports that claim. We must be,aware we still have
too few stars and interpreting.the significance of A2 with a
star formation enhancement is highly speculative but illus-
trates the kind of events we might be able to identify in the
Milky Way history with ouriyinethod.

A3 refers to the very young star (HIP38072 with an age
of 1 Gyr), whichds phylogenetically closer to stars that are
approximately*3 Gyr older. At present there is no evidence
in the literature that this star is binary, and its dynami-
cal behaviour follows the rest of its stellar contemporaries.
It might beya blue straggler, or a ‘straggler-to-be’ (McCrea
1964; Hills & Day 1976). These stars gain mass from a com-
panionias a result of binary star interactions. If its mass
increases, stellar models of isolated stars predict a younger
age_than the true age (Jofré et al. 2016; Yong et al. 2016).
A follow-up of its radial velocities would be needed to study
further its binary nature.

© 2020 RAS, MNRAS 000, 1-7?
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5 DISCUSSION

Here we discuss how we may root our phylogenetic tree and
the possible interpretations that emerge from analysing the
structure of the tree.

5.1 The root of the tree

When a tree is rooted we can study the properties of the an-
cestors in our sample (see App. A4). However, not every tree
is rooted, making unrooted trees interpretation a bit more
challenging. While the form chosen to display a tree does not
affect its phylogeny, it may affect whether we interpret it te
be rooted as this quickly points us towards the beginning of
the shared history of our sample. The trees in classicalsform
(Figure 4) might indicate that the thick and thin disks are
independent populations that share a common ancestory(in-
stinctively suggested by assuming the root is"placediat the
left hand side of the tree). However, that.tree,has o root,
and therefore such an interpretation might not becorrect. A
standard approach to root a tree constructed for biological
systems will typically include identifying a species that is
distantly related to the species of*actual interest — the so-
called “outgroup". Because it'is known a priori that all the
species of interest are more ‘closely’related to one another
than any are to the outgroupsspecies, then the point on the
phylogeny where the outgroup species connects to the tree
will serve as the root) Fomexample, if a phylogeny of birds in-
cluded a species of crocodile as an outgroup, then the point
at which the crocodile tip connected to the rest of the tree
would be the root, as all birds are more closely related to
each other than-any are to crocodiles. In theory, it would
be possible to include an outgroup for our stellar phylogeny.
We could choose a star that belongs to another component
like"the halo or the bulge, or a star that is bounded to an-
other/dwarf galaxy. However, it would require the analysis
of stellar spectra using different techniques to those used to
analyse the stars in this sample, introducing new systematic
uncertainties (Jofré et al. 2019) into our distance matrices.

When our data is plotted in unrooted form (see Fig.5),
an interpretation may rather be that the thick disk is an
ancestral population of the thin disk. This interpretation
however is based on the stellar ages, which show a direc-
tional evolution from thick disk to thin disk. Our tree in
radiation form allows us to reconstruct the shared history
of our sampled stars in the context of current scenarios of
Milky Way formation and evolution.

We stress here that any phylogeny might tell us a story.
That is their purpose. But no phylogeny will ever tell us
with absolute certainty if its story is the true one. Since we
can not witness events that occurred in the past, we are left
with the evidence of such events from our present data. From
that evidence we can assess which of the different series of
events is likely to have occurred, and which ones are not.
Here we discuss three possible scenarios that are supported
by our phylogeny.

5.2 Reconstruction of the galaxy history in the
context of mergers

Several recent studies have discussed the evidence about de-
bris form merging events in the early assembly of the Galaxy
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Figure 5. Unrooted tree. Same as Fig. 4 but in radiation form.

(see Helmi 2020, for recent review). We have learnt that a
proto-disk formed rapidly during the first 1-2 Gyr©of the
Milky Way’s existence, namely 8-10 Gyr ago. That rapid
formation is coupled with a rapid chemical enrichment rate.
Hence, the proto-disk contains stars that aré ‘enhamnced in
a to iron-peak abundance ratios, like the oldsblue'stars (see
Fig. 1), which we attribute to the thick disk and corresponds
to the top right dark branch in the unrooted tree of Fig. 5.
Our tree supports the idea that about'9 Gyr ago, a signifi-
cant event occurred which altered the evolution of the thick
disk and the thin disk. In the absent of such event, we would
expect an anagenesis (see App. A7) for the entire sample.
Instead, the branchingcpattern in the tree has a significant
polytomy (see App. A6) between the thick disk and the thin
disk branch, which is labelled as clade Al in Fig. 4 and is
coloured in yellow'in Fig,1a. The thin disk forms and evolves
after this polytomy. The event disturbing our tree might be
attributed to the Milky Way merging with a smaller galaxy
(~ 10°My), dubbed the “Gaia Enceladus-Sausage” (GES
Koppelman et” al. 2018; Belokurov et al. 2018; Helmi et al.
2018)\The system deposited its stars in the Galactic halo
that ‘can be observed and studied (e.g. Das et al. 2020), but
are not included in our sample. However, our tree can help
us study the effect that such a merger had on the disk.

Several works have suggested that mergers could have

kinematically heated the stars in the proto-disk (Quinn et al.
1993; Purcell et al. 2010; Minchev et al. 2013; Bignone et al.
2019; Gallart et al. 2019). This may have produced the thick
disk we observe today (Helmi et al. 2018; Belokurov et al.
2020), and paved the way for a new thin disk to form. That
would explain how the thick-disk branch appears as an an-
cestral extant population of the thin disk branch, with a
polytomy in between suggesting that an event altered the
evolution of the disk.

The merged system may have also deposited its metal-
poorer gas in the Milky Way, which then cooled and even-
tually settled on the disk and mixed with the pre-existing
gas (Brook et al. 2007; Bignone et al. 2019; Buck 2020).
The addition of new gas from GES to the existing gas disk
would have altered (and increased) the rates of star forma-
tion leading to detectable changes in the chemical traits we
used to trace the phylogeny. In fact, the increased rate of
star formation could have produced a star formation burst
(Bignone et al. 2019; Grand et al. 2020). We would however
expect a time delay, as the gas needs to cool down before
it can form stars. Previous works indicate that such delays
are approximately 1-2 Gyr (Rodriguez Montero et al. 2019).
The stars in the polytomy have ages that are consistent with
forming 1-2 Gyr after the merger of the GES 9 Gyr ago.

Looking at the stars of the polytomy (in yellow) in Fig. 2

© 2020 RAS, MNRAS 000, 1-7?
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and Fig. 3, they do not clump in phase space, like the rest
of the stars in our sample. This provides further support to
the interpretation that they could be a product of a star for-
mation burst. The homogeneity in the chemical abundances
of the burst stars and its spread in dynamical space suggest
a very efficient mixing of the GES gas with the pre-existing
gas over a large region in the Milky Way, as well a drastic
enhancement of star formation (Haywood et al. 2019).

The rate of star formation then declines again, but there
is sufficient gas to produce stars in the thin disk until the
current day. This is consistent with the age and branching
pattern correlation we see for the thin disk, in which the
youngest stars are at the end of the branch.

After the Milky Way settled down from the potential
merger, the tree supports the idea that the evolution of the
Galaxy has been relatively quiescent. Events such as peri-
centric passages of Sagittarius may have however led to local
instabilities (Antoja et al. 2018), driving temporary changes
in the star formation rate (Ruiz-Lara et al. 2020) and there-
fore the chemical enrichment rate. It is notably interesting
that Ruiz-Lara et al. (2020) found that the Sun formed in
a local star formation enhancement episode because of the
interaction with a pericentric passage of Sagittarius. Our
tree supports that finding because the Sun is located in a
smaller polytomy (A2). However, we need more stars and
a better understanding of the sample selection function to
properly link the A2 clade to the conclusions of Ruiz-Lara
et al. (2020).

This scenario does not imply that this merger has con-
tributed significantly with the gas content (henceforth abun-
dance pattern) needed to form and explain the chemical
composition of the thin disk (see e.g. Palla et al. 2020). It
is possible that, such as Sagittarius has affected the equilib-
rium of the gas and the star formation history in the disk,
the merger might have done something alike 10 Gyr ago,
causing a star formation burst.

5.3 Reconstruction of the galaxy history in the
context of gas infall

A classical explanation to the observed discontinuity of
[a/Fe] abundances for the thin and the thick disk stars is
the two-infall model of chemical evolution(Chiappini et al.
1997). There, the disk formed in two episodes\which depend
on the timescales of gas infall. TheAfirst episode is charac-
terised by a short-period gas infall whose.duration is of the
order of 1 Gyr depending on thé study (see recent discussion
in e.g. Spitoni et al. 2020). The'second episode is charac-
terised by a significantly longer, period (longer than the age
of the Milky Way) of slower/accretion of gas (Miglio et al.
2020). This leads to a rapid formation of the thick disk, and
a slower formation of the thin disk. The two-infall model
also predicts . quenching of star formation between both
accretion episodes. That quenching causes a discontinuity
in star fermation,/and a significant mix of the in-situ disk
gas with the metal-poor infalling gas, which ultimate leads
the4hin disk to start forming stars with lower metallicities
than the youngest stars from the thick disk.

Qur tree shows two independent branches for the thin
and the thick disk, in which the thick disk could be an ances-
tral population to the thin disk. There is however an abrupt
divergence between the thick and thin disk, suggesting that

© 2020 RAS, MNRAS 000, 1-7?
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there was a chemical discontinuity in the transition of the
thick to the thin disk. The two-infall model predicts this
discontinuity. Moreover, looking at the ages of our stars, we
indeed see that there is a difference between the youngest
and oldest stars of the thin and thick disk, respectively (see
online table). This is consistent with the predictions of the
delay between the infall episodes of some of the the two-infall
models. The age difference in the stars of our branches, how-
ever, is smaller than the predictions (Bensby et al. 2003;
Feltzing et al. 2003; Kilic et al. 2017). We recall that our
stellar sample does not have a known selection function to
make it suitable for direct comparisons with models in this
way.

Between the thin and thick disk branches there is/the
A1l polytomy which contains stars of ages in between) the
thin and the thick disk. We might relate this polytomy to
the ‘loop’ in the [a/Fe]-[Fe/H] diagram (see e.g. Figh6 of'Spi-
toni et al. 2020). This loop is produced due t6 a fbump’ and
a ‘drop’ in the metallicity and [a/Fe] of starsithat formed
6-8 Gyr ago, which correspond to the ages of the'stars from
our polytomy. These features are sighatures of the delayed
gas infall in the two-infall model. Spitenijet al. (2020) com-
mented that the presence of such features is not obvious in
the observations. Perhaps usingian evolutionary tree to com-
pare the two-infall model and observations offers a way to
better identify the presénce"ofssuch features.

5.4 Reconstruction of the galaxy history in
contextuof radial migration

Radial'migration refers to stars that have moved from their
birth, place through interactions with bars, spiral arms, or
orbiting, stellar systems (Sellwood & Binney 2002). While
there is a general consensus that radial migration is tak-
ing place in the Milky Way, its impact on key observables,
such as the chemical distinction of the thin and the thick
disk in their [o/Fe]-[Fe/H] distribution, remains under de-
bate (e.g. Minchev et al. 2019; Haywood et al. 2019; Sharma
et al. 2020; Buck 2020). Quantifying the importance of ra-
dial migration has been difficult mostly because of the lack
of good kinematic data to constrain dynamical models of
the disk, but this is now rapidly changing thanks to the
wealth of accurate data of kinematics from Gaia comple-
mented to chemical data from spectroscopic surveys. New
results present evidence that stars indeed have moved few
kpc from their birth places (Frankel et al. 2018; Minchev
et al. 2019), which we see in our data as well (see Fig. 3).
The basic principles of chemical evolution and cosmo-
logical models of Milky Way formation we have used in the
two scenarios above to interpret our tree have however ne-
glected radial migration. That is, we have interpreted the
branching pattern as the cloud evolution from which stars
have formed, died, and passed-on their chemical make-up,
and have not accounted that stars might be tracing the
chemical evolution of other clouds because they have moved
from their birth places. Without considering radial migra-
tion, we might be affected by a kind of Yules-Simpson para-
dox in Galactic archaeology (Minchev et al. 2019). Without
considering the information of the stellar birth radius it is
difficult to draw conclusions about the evolutionary history
of the Solar Neighborhood since a trend seen in stellar age
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might be significantly affected when considering the birth
radii.

We clearly have stars from different birth radii (see
Fig. 3) and therefore it is not obvious what is the relation
of the branching pattern with time in our tree. Moreover,
the birth radii become increasingly uncertain with stellar
age, for it is known that stars do not retain much dynami-
cal memory after 1 Gyr. Therefore, our interpretations come
from basic principles and consider the star formation hap-
pening homogeneously through the entire thin and thick
disk. This is of course an over simplification of reality - there
is enough evidence pointing towards an inside-out formation
of the disk (Frankel et al. 2018, 2020; Buck 2020) producing
a dependency of star formation efficiency (hence chemical
enrichment rate) as a function of Galactic radius. This is
reflected in significant metallicity gradients across the disk
(Magrini et al. 2017).

Our branching pattern might be a result of a combina-
tion of radial migration and chemical evolution. To disen-
tangle between both we need to apply our phylogeny tools
on models considering both, dynamical and chemical evolu-
tion. So far, chemodynamical modelling studies are focused
on [a/Fe] and [Fe/H]|, and most of the publicly available
chemical evolution models with several elements do not in-
clude radial migration (Spitoni et al. 2015). Therefore, un-
dertaking such a study remains part of future work.

However, our tree shows two aspects that are worth
highlighting. The first aspect is the notable break between
the thin and thick disk branches, which challenges a smooth
transition between both populations in the context of radial
migration, although this could be mitigated considering the
time delay of SNIa, as recently pointed out by (e.g. Sharma
et al. 2020). The second aspect is the polytomy Al. It would
be interesting to understand why stars of 6-8 Gyr, which
are very chemically homogeneous but have a range of orbits
and birth radii, have a preference to migrating more to the
Solar Neighborhood than stars of other ages with similat
iron contents but different chemical abundances.

A possible Yules-Simpson paradox here (namely that
we might be confusing the evolutionary relationships of,our
stars with radial migration Minchev et al. 2019)\is/a com-
mon challenge in other phylogenetic studies. Migration is
not only happening in the Galaxy, it happens-everywhere.
Building models and tools to deal with disentangling both
effects (direct hereditability in a population and exchange
of traits between populations) is on-going research (see e.g.
Liu et al. 2009). Therefore, the Yules-Simpson paradox in
our case should not be seen as a,limitation of our method
but an opportunity to provide new ways of disentangling
the effects of both timé and/dynamics in the evolutionary
processes affecting the Milky Way.

6 CONCLUDING REMARKS

Here we present a robust methodology using methods in evo-
lutiénary biology that effectively visualizes high-dimensional
chemical abundance data in terms of evolutionary relation-
ships'between stars. Using phylogenetic methods allow us to
reconstruct a history for our Galaxy which agrees remark-
ably well with findings in recent independent works. It is
expected that using more stars for which we have a better

understanding of the selection function will help us to better
constrain current models of galaxy formation and evolution.

All evolutionary problems, be they biological or astro-
physical, involve pattern and process. Phylogenetic trees are
an excellent means of discovering patterns, from which the
processes driving the evolution can be inferred. It is cur-
rently uncertain how chemical information is passed through
time, or, in effect, from one generation of star formation to
another. However, assuming there is a level of heritability in
chemical structure, we have been able to use this to apply
phylogenetic techniques to discover a pattern of evolution in
the Galaxy. We show how the diversity of chemical composi-
tions in nearby stars can be used to shed light on their shared
history. The phylogeny we find from examining just chemi-
cal abundances of a relatively small sample of stars/agrees
remarkably well with the evolutionary history inferred from
the analysis of both simulated data and much larger,samples
of photometric, spectroscopic, and astrometric data.

Phylogenetics is a powerful way of organizing and visu-
alising the data and applying it in this new context can help
us to understand the evolution of the galaxy’in which we
live. Through it we can identify and\stiidy significant events
that shaped the Milky Way until it formed our Solar sys-
tem, and work our way to learning more about the process
through this depiction of the'pattern. Although the mecha-
nisms of biological and stellarevolution are entirely different,
the fact that the two have asmechanism of heritability allows
the same approaches\to be-applied. Since chemical elements
are inherited between stellar generations, we have been able
to find the chemicalysignatures of evolution in the Galaxy.

Darwin’s, thinking, originally applied to biological sys-
tems amdithe origin of species, has been extended to the his-
toryfof cultures, languages, technological systems and even
religions (Gray et al. 2009; Retzlaff & Stadler 2018; Jetz
et.al: 2012; Upham et al. 2019). In each, the process is dif-
ferent, but the existence of a form and level of heritability
allows us to discover history and infer the process. We have
extended it here to Galaxy evolution. It is likely that devel-
oping better models of how stellar abundances change their
heritable signatures, and incorporating more stars, will re-
veal not just a better understanding of the Galaxy, but also
how our Sun inherited the chemical composition suitable for
a planet on which life can evolve.
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APPENDIX A: BIOLOGY GLOSSARY AND
CONCEPTS

In this appendix we describe a few key concepts that serye
to transfer the field of phylogenetics into galaxy evolution.
These concepts are used throughout the paper.

A1l Descent with modification

Some characteristics are passed from oné generation to the
next. Since the passing is not perfect, some characteristics
are modified. With time, these differences"accumulate. De-
scent with modification creates”hierarchies of similarities,
such that close relatives willbe more similar in many re-
spects. To uncover evolutionaryyrelationships, a key chal-
lenge is to distinguish characteristics that are similar by de-
scent from those that have evolved independently.

A2 Speciation

The formation of new and distinct species in the course of
evolution’,No species definition provides an unambiguous
way to delineate all groups, as traits might vary in their
level ofidissimilarity. Since differences accumulate continu-
ously, there is no clear line that separates a species from its
relatives or its ancestors.

A3 Taxa

Taxa refer to the groups we wish to study in a phyloge-
netic tree. They can be groups within a species, or different
species. We take their traits and compare them to find their
similarities and relationships, in order to use the branching
pattern to reconstruct their shared history.

A4 Root

Since phylogenetic trees visualise the similarities and differ-
ences between a set of chosen traits, they do not necessarily
have a root. This is particularly the case in trees constructed
with the distance method, which was employed in this pa-
per. Unrooted trees are solely branching diagrams that show
the relationships between traits. On the other hand, rooted
trees identify the first common ancestor, and therefore indi-
cate the direction of descent.

A5 Clade

Part of a phylogenetic tree that includes an ancestral lineage
and all the descendants of that ancestor.
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A6 Polytomies

Polytomies occur when the signal of the branching pattern is
lost and branches split into more than two branches. There
are two kinds of polytomies: soft, which are a consequence of
the data having insufficient resolution to discern the correct
branching patterns, and hard, which are actual instances
where a single evolving lineage has diversified into three or
more separate lineages (Lemey et al. 2004). In other words,
hard polytomies would show in a tree when three or more
lineages have at some point in history exact trait differ-
ence among them. In biological systems hard polytomies
are thought to be exceptionally rare (Lemey et al. 2004).
However, in stellar systems, it is unclear whether hard poly-
tomies are as exceptional, especially in the context of major
mergers and star formation bursts in galaxy evolution and
the uncertainties of astronomical data measurements.

A7 Anagenesis

The gradual evolution of a single lineage through time.
Traits differences can therefore be traced as information
passed through generations but they still represent the evo-
lution of the same population.

APPENDIX B: TREE’S SYSTEMATICS
B1 Choosing traits

The effect of the selection of evolutionarily informative traits
over standard abundance ratios [X/Fe] can be seen in Figure
B1. There we constructed trees using our dataset following
the procedure explained in Sect. 3 using two different set
of traits. The first one results in a tree shown in Fig. Bla,
in which our traits are the 30 elemental abundances over
iron [X/Fe| directly measured in Bedell et al. (2018). Using
abundances as a function of iron is typical of much prier
work on chemical evolution, and is what we considered=in
Jofré et al. (2017). Inspired by the recent works on chemical
clocks (Nissen 2015), and in particular the findings of Jofré
et al. (2020) about the abundance ratios that can/be used
to study chemical evolution, in Fig. Blb, we show thé tree
constructed using the 55 traits indicated intSect=2s(see also
Table of online material). Both trees have the stars color
coded by their ages, also indicated“in that table. Branch
lengths represent the total chemical differences, whose scale
can be seen in the scale bar. Neote that both trees are differ-
ently scaled.

The difference in the branching pattern between Fig.
B1b and Fig. Bla is stark. While the base structure of the
trees is similar, the tree in\Fig. B1b is significantly more re-
solved than thatof Fig. Bla. However, both trees have two
major clades (see Appy’Ab), whose astrophysical interpre-
tation is discussed in"Sect. 4.1. The lower clade contains in
general older stars at the base of the tree. The upper clade
containg the majority of the stars in both trees, and has
starsyof’all ages, with the youngest stars in general at the
toprof the tree.

In the tree in Fig. B1b, we are able to reconstruct with
higher resolution the branching pattern and therefore the
evolutionary history of the stars on the majority of the tree.
In fact, the upper clade in Fig Bla presents a very large
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polytomy close to its base and several smaller polytomies
at different levels towards the top. These polytomties reflect
the level of similarity of in many of the [X/Fe] abundance
ratios in the sample (see e.g. Figure 3 of Bedell et al. 2018).
This suggests that the polytomies in this tree are soft, i.e.
the data does not contain enough information to obtain an
evolutionary signal. The Sun, highlighted with red colour, is
located at the large polytomy. While the tree with the opti-
mized traits (Fig. B1b) still lacks resolution at the base of
the upper branch, this opens doors for interesting analysis
which we discuss in Sect. 5. In that tree, polytomies are con-
centrated in a small section of the tree but a large number of
stars which were in the previous polytomy are now resolved;
including the Sun. We are now more confident in idenfitying
which stars are more similar to the Sun, which in addition
are very close in age. This result shows us that phylogenetic
signal might be lost in the noise of traits that arewnot evo-
lutionarily informative or do not differ significantly among
taxa.

Choosing the right traits is therefore a fundamental part
of the analysis. Finding them should further motivate to
improve the theoretical understanding®fhow and why these
abundance ratios information,is inherited between stellar
populations.

B2 Comparing datasets

In addition to our datasetywe compared the results with re-
spect to our previeus work, in which we used a sample stud-
ied by Nissen (2015,2016) and contains 22 stars, including
the Sun, for which abundances for 17 different chemical ele-
ments-were measured, in addition to ages. Both analysis use
very similar techniques and same spectra. Our main sam-
ple is bigger in two ways: it contains more stars and more
elements. There are 15 stars in common which allow us to
make comparisons.

We used the approach presented in Jofré et al. (2020) to
select 17 traits to produce a tree for the stars in the Nissen
dataset: [C/Y], [C/Ba], [0/Y], [O/Ba], [Mg/Y], [Mg/Bal,
[AL/Y], [Al/Bal, [Si/Y], [S/Y], [$/Bal, [Ti/Y], Ti/Bal,
[Zn/Y], [Zn/Bal, [Sc/Bal, [Cu/Bal. Because there are stars
in common between both datasets, this analysis helps to test
the consistency between results as well as between this work
and Jofré et al. (2017).

Figure B2 compares trees created using different
datasets. For reference, in Panel a we show the phylogenetic
tree created from the 22 stars from the Nissen sample pub-
lished in Jofré et al. (2017). The traits employed in that work
were all 17 abundance ratios in the form of [X/Fe] |(see Jofré
et al. 2017, for details). In Panel b we show the same dataset
but using the new sets of traits indicated in Sect. 2, which
are abundance ratios as a function of s—process abundances.
Additional differences between both trees is the procedure
to build them, which has changed from Jofré et al. (2017) to
the procedure described in Sect. 3. Panel ¢ shows shows the
phylogenetic tree created from the 78 stars in the sample
with the 55 hereditable traits. This tree is the same as in
Fig. B1b and Fig. 4. The 15 overlapping stars are highlighted
based on their colors in Fig. B2a-b for reference.

Similar to our result comparing traits above, we see
how the tree in Fig. B2b is more resolved than the Jofré
et al. (2017) version displayed in Panel a, although both
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Figure B1. (a) Phylogenetic tree constructed from 79 solar twins using the 30 abundance ratios [X/Fe| as’published in Bedell et al.
(2018), (b) Phylogenetic tree constructed from the same stars but using 55 abundance ratios [X;/Xs|from online table.

trees show a similar behavior of stars of similar ages close
in the tree. This indicates that the phylogenetic signal is
in the data, but a choice of better traits helps increasing
that signal. In particular, in Jofré et al. (2017) we were un-
able to conclude on the ancestral populations of the Sun’s
lineage because the tree was not resolved enough for older
stars. With our new procedure the situation improves. More
chemical abundance ratios and more stars however improves
the situation even further, as we see in Fig B2c.

This comparison allows us to analyze the changes in
phylogenetic topology that occur when we increase thenum-
ber and type of traits used. However, the additionsof traits
that include neutron-capture elements among others used to
generate the tree in Fig. B2c have increased the resolution.
Stars that were in polytomies in Fig. B2b.(see HIP108468,
HIP41317, HIP116906, HIP79672, and HIP1954) have been
resolved in subclades in Fig. B2c. While the placement of
some of the stars has changed between Fig. B2a and Fig.
B2c, their grouping as in the main clades has remained con-
sistent between the two trees, as wellas the overall depen-
dency of position in tree with the age.

The test shows that, whilejtrees differ when different
datasets are used, the phylogenetic signal remains if it ex-
ists. This supports our“pestulation that stars in the solar
neighborhood areyrelated through their chemical composi-
tion (even if/fheir, common ancestry was far in the past).

B3 /Phylogenetic signal in data

Towascertain confidence values for each node in our
phylogeny we applied a further bootstrapping procedure
(Felsenstein 1985). This technique is commonplace when
evaluating support for phylogenies derived from biological
datasets and was also employed before in stellar datasets

(Jofré et al. 2017). Specifically, we randomly sampled our
alignment of chemical elements with replacement, until we
had a new alignment, equal in length to the original (55
traits). We then parse that new resampled alignment to the
treebuilding process described above. We do this a thou-
sand times, and create a distribution of trees derived from
these bootstrapped samples. For every node in our original
tree, we count the number of times it is represented in this
distribution and take this value as a measure of support.
We stress that here we did not consider these sample trees
for the maximum clade credibiliy tree (see above) but for
studying the support in each node of our final tree.

The support is illustrated in the nodes of the tree in
Fig. B3 as percentage pie charts. While the support for spe-
cific nodes ranged considerably, from 100% for six nodes to
as low as 11.6% for one, 40 of the 54 internal nodes showed
support above 50% and 29 above 70%. We note that a num-
ber of our most poorly supported nodes are centred at the
root of the top branch, indicating the poor hierarchical pat-
tern of differences. The implications of this are discussed in
more detail in Sect. 5. It is important however to comment
here that a poor support for a clear branching pattern is not
necessarily a problem. It can well suggest that perhaps the
poor resolution relates to these samples being taken from a
period of rapid chemical evolution and star formation

There is no consensus on how bootstrap values for nodes
should be interpreted (Soltis & Soltis 2003), however Hillis &
Bull (1993) suggest that bootstrap values are a conservative
estimate of the probability that the node is real, and that
when trees are symmetrical and evolving under equal rates
bootstrap values of 70% or greater correspond to a 95% or
greater probability that the clade is real. While it remains to
be seen if those assumptions from biology hold for our stellar
data set, the fact that a majority of nodes show greater than
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Figure B2. (a) Phylogenetic tree constructed from 22 stars using traits over iron (from Jofré et al. 2017), (b) Phylogenetic tree constructed
from 22 stars using 17 evolutionarily significant traits, (c) Phylogeneticdree constructed from 79 stars using 55 evolutionarily significant

traits, 15 overlapping stars from (a) and (b) highlighted

70% support indicates that the topology is relatively robust
to permutation. From this we conclude that we are detecting
signal of phylogeny using these chemical abundance ratios.

It is worth commenting that this support is.based on the
traits included in this work which have a given uncertainty.
If the uncertainties were larger (which is the case for most
stellar data available) then the suppeort will likely change.
Understanding the support of the phylegeny for a less precise
dataset is not the scope of this paper, but certainly opens
interesting avenues for the applicability of our method in the
era of spectroscopic surveys.

We also wanted to’ assess’ the robustness of our proce-
dure with regards to our‘choige of stars. To do this we reran
the tree building procedure’but with a subsample of stars of
size n, a process we hereafter refer to as tip-strapping. To
allow for comparisonywe altered our original tree, removing
any tips that were not included in the subsample. This left
us with twe trees"with n tips, the pruned version of the orig-
inaldree which retained the overall structure of our stellar
phylogeny, and a subsampled tree.

To quantify the difference in topology between these two
trees] we calculated their Normalised Path Distance (NPD)
as described in Naser-Khdour et al. (2019). NPD calculates
the quadratic-distance of our two topologies and normalizes
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it by comparing it to the average quadratic-distance of a
pair of randomly generated trees of n size. This has two
advantages. Firstly, it means that even though the size of
n varies between iterations of the test, the NPD scores are
still comparable as they have been normalised against an
expected null-value. Secondly, this normalized value is easy
to interpret. An NPD score of zero means the subsampled
and pruned trees are identical, while an NPD scores of one
means that the two trees are as dissimilar as the average of
two randomly generated trees. An NPD score greater than
one means that the pruned and subsampled trees are more
dissimilar than the average of two randomly generated trees.
We repeat this process 1000 times to produce a distribution
of NPD scores. It is important to remark that the left skew of
the NPD values is a consequence of the fact that our results
are consistent and that it is almost impossible to score a
zero with this test.

Figure B4 shows the distribution of NPD scores for our
realisations. The NPD scores ranged from 0.149 to 0.819,
with a median value of 0.333. Thus, in all cases the sub-
sampled and pruned trees were more similar to one another
than two randomly generated trees of equal size. This sug-
gests that despite our subsampling procedure, our tree build-
ing process was returning trees that generally reflected the
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Figure B3. Bootstrap support for stellar phylogeny. Pie charts show the percentage of support (blue) for the associated node among
the bootstrapped trees.

topology of the phylogeny built using the complete sample

Normalised Path Distances (NPD) of Tip-Strapped Trees of stars. This is consistent with our results from the compar-
ison between the trees obtained with the datasets presented
o A
S in Fig. B2.
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Figure/B4. Frequency distribution of the Normalised Path
Distance, (NPD) scores for the thousand iterations of the tip-
strapping procedure. All scores are bellow one, meaning that in
all runs the pruned tree and the subsampled trees were more sim-
ilar to one another than a pair of randomly generated trees.
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