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“We are all time travellers, journeying together
into the future. But let us work together to make
that future a place we want to visit.

Be brave, be curious, be determined, overcome

the odds. It can be done.”

— Stephen Hawking, Brief answers to the big

questions (2018).






Acknowledgments

To my parents, for being an unconditional support during my life and in all the deci-
sions I have made. For listening to me, even when it came to crazy astronomical things
that they probably did not understand much; they always listened with a smile on their
faces and the clear intention to learn. For always believing in me, and for pushing me to

do my best, always dreaming big. Without you I would be nothing.

To my dearest friends, my brothers from another mother, Joaquin, Herndn, Patricio
and Ignacio, whom I keep as the greatest gifts that university life has given me. Thank
you for always being there, for all the amazing experiences we have live together, for
always making me smile in moments of despair, for listening and helping me to see life
in a different way. I hope that life always brings you a lot of happiness and fulfillment.
Also I want to thank to Carolina, Alvaro, Cristébal, Juan, and all my professors and
colleagues from the Institute of Astrophysics, specially to Claudia, Alexandra, Victor,
and Manuel from my team work. Thank you for all your support, help and life lessons,
for the interesting discussions and hallway talks. You have been a great source of in-

spiration, motivation, and the reason why I have enjoyed academic life during these years.

And as the saying goes, the best for last. To my dear advisors, Julio Chanamé and
Paula Jofré, for their dedication and for all the time they have spent guiding me and
teaching me over the years. Thank you for your trust, for opening the doors to work
with you, for giving me the space to develop my ideas, and for helping me to believe in
myself. You were very supportive during these particularly challenging two years, when
things turned upside down and it was difficult to find any kind of motivation to work.
I never imagined that I would have to do my master’s degree remotely, without being
able to share with you in person on a daily or weekly basis. Thanks to you, this project
managed to be a very enriching experience, both intellectually and personally, despite
the adversities. Thanks for your advice and for all the laughs shared. I feel fortunate

and grateful to have you as mentors.

Thanks to everyone that has been involved in this. I am indebted to you all.






Abstract

The abundance ratios of some chemical species have been found to correlate with
stellar age, leading to the possibility of using measurements of abundances in stellar
atmospheres as age indicators thanks to the Galactic chemical evolution. These chemical
clocks have been calibrated with solar-twins, open clusters and red giants, however, how
effective they are in identifying coeval systems has not been tested for populations that
sample a broader parameter space. In that sense, wide binary systems are the perfect
objects to assess the applications of chemical clocks, because their components have a
common origin and are separated by great distances, so they should not interact with
each other, and their abundances and ages are expected to be consistent. In this thesis,
I determined the abundances of a sample of 5 wide binaries and collected data for other
31 systems from the literature in order to test the applicability of chemical clocks. I
found that wide binaries have more consistent abundances than random pairs. I also
found that chemical clocks are even more consistent among the components of wide
binaries than their [X/Fe] ratios. Not only that, but the special case of the pair HIP
34426 /HIP 34407 would indicate that chemical clocks are consistent for coeval stars
even when their abundances are not. Finally, given the evidence that chemical clocks
trace information about stellar birthplaces and chemical evolution, I briefly studied their
benefits for chemical tagging by using them to reconstruct a sample of 3 open clusters,
and found that chemical clocks do not improve the identification of the cluster’s members,
but could be used for decontamination. Despite this, the results are limited by the age
range of the sample, and there is still much work that could be done to better evaluate

this idea and find more applications for chemical clocks.

il






Contents

|Acknowledgments|

[Abstract]

|2 Sample of wide binaries

2.1 Oursample] . . . . . . . e
2.2 Wide binaries in Literaturel . . . . . . . ... . o000
|13 Spectroscopic analysis|
[3.1 Spectroscopy withiSpec| . . . . . . . .. ...
[3.1.1 Data preparation| . . . . . . . .. .. ...
[3.1.2  Stellar parameters| . . . . . . ... Lo
I;il l .;i E:lls:lll‘lg i!l ilt!llll!li![l(:g:fil .........................
(3.2 _Abundances of wide binaries from the literaturel. . . . . . . ... ... ..
4 Chemical homogeneity of wide binaries|
4.1 Chemical homogeneity in our systems| . . . . ... ... ... .......
|4.2  Chemical homogeneity of the whole sample] . . . . . ... ... ... ...

|4.3 Condensation temperature trend|

iii

N = SO ORI

Qo

10

14
14
14
15
16
18



B Chonical docks To wide binarics

[b.1  Consistency of chemical ages in wide binaries| . . . . . ... ... ... ..

5.2 The case of HID 34426/HIP 34407 . . . .« o oot

[5.3  Systematic uncertainties and applicability of chemical clocks|. . . . . . ..

5.5 Testing chemical tagging of Open Clusters with chemical clocks| . . . . . .

B5.1

Methodologyl . . . . . . . .. .

|Bibliography|

28
30
33
35
38
40
41
43

49
50

52

53

53






Chapter 1

Introduction

Stars are among the most important components of the baryonic Universe since they
are the fundamental building blocks of huge structures like galaxies. Moreover, stars are
the main responsible of the galactic chemical evolution given that most of the elements
that we know are formed inside of them or during their final evolutionary stages (i.e. su-
pernovae) through different nucleosynthetic processes. Then, these elements are released
into the interstellar medium (ISM) and consequently enrich the gas, which in periods of

millions of years is going to form other stars that will continue with this cycle.

The determination of chemical abundances from stellar spectra is therefore a path-
way to unveil the chemical formation and evolution of our Galaxy, because they retain
important information about the unique patterns of the elements produced over time,
strongly depending on the mass and metallicity of their progenitor stars. Since stars of
different masses have different lifetimes, the enrichment of ISM due to each nucleosyn-

thetic process has different timescales.

Some nucleosynthetic families are the a-elements, Fe-peak, light/odd-Z and neutron
capture elements. O, Mg, Si, Ca and Ti are a-capture elements, and are mostly produced
at the interiors of evolved massive stars (M > 10Mg) through the successive fusion of
helium nuclei (“a particle”). Then they are released by Type II supernovae, enriching

the ISM within short timescales (< 1072 Gyr) and becoming overabundant in compari-
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son to other elements at early stages of the Galaxy evolution. As time progresses, Type
Ia supernovae start to take place and Fe-peak elements (21 < Z < 30) like Fe, Cr, Mn,
Co, Ni and Zn are produced over longer timescales (~ 1 Gyr)(Spina et al., 2016), thus
the relative abundance [«/Fe] or over other Fe-peak elements starts to decrease. Addi-
tionally, light/odd-Z elements, like Na, Al, Sc, V and Cu, are formed both in Type Ia
and II supernovae and are characterized for having an odd atomic number (7). Finally,
elements with Z > 30 are the neutron-capture elements and are produced by the capture
of neutrons into the nuclei. This process is classified in two types depending on the
timescale of the neutron capture. A slow process, longer than the decay of the atom (3
decay) is called s-process (Ba, Sr, Y, Zr) and mainly takes place in low and intermediate
mass (< 8My) AGB stars (Karakas and Lattanzio, 2014; Fishlock et al., 2014), other-
wise it is called a rapid process, r-process (Rb, Eu), and likely occur during supernova
explosions (Winteler et al., [2012) or mergers of neutron stars (van de Voort et al., 2015}
Tanaka et al., 2017 |Yong et al.,|2021). There still is a lot of discussion about their actual

formation site (see Thielemann et al., |2011; [Haynes and Kobayashi, [2019)

In addition to chemical abundances, stellar ages are another fundamental parameter
to understand the Galactic chemical evolution. Stellar ages allow us to reconstruct the
time dimension of Galactic history, therefore, it is of crucial importance to be able to
properly determine them in different stellar populations, in order to know the moment
in which each evolutionary event occurred, along with its respective duration. Because
of this, different techniques have been developed in recent years to determine the ages
of stars (see [Soderblom, 2010), among which isochrone fitting stands out along with
asteroseismology (Kjeldsen and Bedding} [1995; |Chaplin and Miglio, [2013; [Silva Aguirre
et al., 2015), stellar activity (Skumanich, |1972; |Pace et al.. 2009; Lu et all 2021)) or
gyrochronology (e.g. Barnes, 2003}, 2007; Godoy Rivera, [2021)).

1.1 Chemical clocks

During recent years, several studies have found in FGK low-mass stars that there

are some abundance ratios like [Y/Mg], [Y/Al] and [Ba/Mg]| that follow a linear relation
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with stellar age (da Silva et al.,|2012; Nissenl, [2015; |[Feltzing et al., 2017} |Titarenko et al.,
2019; Delgado Mena et al 2019). These ratios are derived from [X/Fe| ratios, by

[A/B] = [A/Fe] — [B/Fe] (1.1)

with their respective uncertainty being

S[A/B] = \/6A2 + 6 B2 (1.2)

So for example, [Y/Mg] = [Y/Fe|] — [Mg/Fe]. A way to understand why this happens
is explained in Nissen| (2015), and it is based on the fact that different nucleosynthesis

processes occur over different timescales depending on the masses of the stars.

Given the nature of each nucleosynthetic family, we can observe, for example, that el-
ements that are produced in core-collapse supernovae from massive stars, like a-elements
(Nomoto et all [2013), have a very different production rate compared with those pro-
duced in late AGB stages of intermediate mass stars, like s-capture elements (Karakas and
Lattanzio, |2014]). Because these two processes enrich the ISM over different timescales,

we see now a dependence with stellar age when comparing the two families of elements.

Following this idea of different chemical enrichment rates for elements of different
nucleosynthetic channels, Jofré et al.| (2020]) looked for more trends in abundance ratios
between different nucleosynthetic families using a large sample of solar twins analyzed by
Bedell et al.| (2018). They found that 55 different abundance ratios have similar chemi-
cal clock-behavior. All these ratios involved neutron-capture elements (mostly s-process).
These abundances also have shown to add crucial information in chemical evolution stud-

ies for metal-poor stars (see [Skuladottir et al., 2019)).

Although chemical clocks have been the subject of many studies, their applications
and limitations are not yet fully understood, but we know that their calibration relies
on very precise determination of stellar ages and abundances. High-precision abundance

analysis can be done by performing line-by-line differential analyses using a star with sim-
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ilar stellar parameters as reference, like the Sun for solar-twins. This helps to minimize
the effects of systematic errors in the derivation of the abundances such as approxima-
tions in the model atmospheres and/or inaccuracies in the atomic data, and thus achieve
high-precision measurements (see Jofré et al.l2019; Nissen and Gustafsson, 2018, for more
details). These levels of precision (~ 0.01 dex Meléndez et al.,2009) open the door to new
ways of multidimensional studies of the chemical evolution of the Milky Way (e.g. using
evolutionary trees \Jofré et al., 2017a; |Jackson et al., 2021)). At the same time, precise
determination of stellar ages is usually difficult in main-sequence stars where isochrones
cannot be easily differentiated, because the theoretical curves have similar evolutionary
trajectories and are very close to each other along this sequence. High-resolution spec-
troscopy and differential stellar parameters are key to mitigate the effects of this problem

and estimating ages with uncertainties ~ 1 Gyr (e.g. [Nissen et al., 2020)).

Feltzing et al.| (2017)) challenged the chemical clock applicability of [Y/Mg] by showing
that it depends on metallicity. Such dependencies have been further studied for [Y/Mg],
[Y/Al] by |Casali et al.| (2020) and [Sr/Mg] by Nissen et al.| (2020) showing a significant
effect, leading to the conclusion that chemical clocks are not universal and have to be used
carefully in attempts of estimating stellar ages. Moreover, |Casamiquela et al. (2021Db])
used a large sample of open clusters with well-known ages, to show that offsets and
dispersion are introduced in the age-abundance relations when reaching out of the local
bubble (d > 1 kpc), showing that studying trends of chemical abundance ratios with age
in open clusters is prone to contamination due to radial migration if the sample includes
clusters outside the local bubble. This dependency on metallicity and spatial volume are
excellent evidence that chemical clocks really carry information about chemical evolution,
which might be different at different places in the galaxy. Hence, it is not straightforward

to apply these chemical-clock relations outside the solar-metallicity nor solar-vicinity.

1.2 Wide binaries

Another test that could be performed to evaluate the applicability of chemical clocks

would be to study how consistent they are between stars that were born together, with
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systems that allow covering a much greater range of ages and metallicities than what the

population of open clusters can provide.

Wide binaries meet these conditions. These are systems of two stars gravitationally
bound to each other, with consistent properties and orbital separations 100AU < a < 1pc,
thus they are far enough apart that they cannot interact with each other (i.e. mass trans-
fer) and are assumed to have evolved independently. Their possible formation scenarios,
such as the association of pairs of stars during the dissolution of their cluster of stars
birth of a single age (Kouwenhoven et al.l |2010; Penarrubiay, 2021)), dynamic deployment
of triple systems (Elliott and Bayol 2016, turbulent fragmentation (Lee et al., 2017), and
gravitational attraction of nearby prestellar nuclei (Tokovinin, 2017), imply that their
components are formed in a common origin, being open cluster analogs of only two stars.
As a consequence, the components of wide binaries are expected to have similar chemical
compositions and ages. To our knowledge, the only one work that studies the coevality
of wide binaries with a large sample of systems is that of |Kraus and Hillenbrand| (2009))
where they confirmed that young binary stars in Taurus-Auriaga association are coeval
within ~ 0.16 dex in log 7. Even so, there are other studies of individual systems (Saffe
et al., 2017; [Reggiani and Meléndez, [2018; Maia et al) 2019: [Nissen et al., [2020, e.g.)
that have found that the ages of the components of wide binaries are in good agreement,
but they are not exempt from presenting some differences, as is the case of Maia et al.
(2019), where variations of about 0.7 Gyr in 16 Cygni stars are found, yet remain con-
sistent within the uncertainties. Although these results support the formation scenarios
of wide binaries, it is still necessary to demonstrate their coevality using a statistically

significant sample.

Several studies have already analyzed chemical abundances in wide binary systems
(e.g. Oh et al., 2017; Ramirez et al., [2019; Hawkins et al., [2020; Nelson et al., [2021)) and
found that they are very homogeneous (within ~ 0.1 dex and ~ 0.05 dex for stars with
similar Teog). Recently, this was corroborated even for ultra-wide comoving pairs, where
Nelson et al.| (2021) studied co-moving pairs with separations of five orders of magnitude

(> 2 x 10° AU) and found that a fraction of ~ 75% are co-natal based on their metal-
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licities. On the other hand, some studies also have found that there are some cases in
which the components of wide binaries seem to have statistically significant differences in
chemical composition. If the chemical abundances follow a trend with condensation tem-
perature, this can be typically attributed to planetary formation or planet engulfment
(Meléndez et al., 2009; Teske et all 2015; Maia et al., [2019), enhancing the abundances
of refractory and/or Fe-peak elements. Hawkins et al.| (2020 used a sample of 25 wide
binaries such that their components were of similar spectral type and found that odd-z
elements, Fe-peak, a-elements, and neutron-capture elements are very consistent, in con-

trast to what is found for random pairs.

Originally proposed by |Andrews et al. (2018, 2019), wide binaries are an ideal sample
for studying Galactic chemical tagging (Freeman and Bland-Hawthorn, 2002), because
the consistency in the detailed chemistry of their components (e.g. abundances and
metallicity) imply a common origin for these stars. In addition, wide binaries span a
wider range of age and [Fe/H] than open clusters, thus making it possible to understand
the possibility of chemical tagging over a more representative fraction of the Galactic

stellar populations.

1.3 Chemical clocks in wide binaries

In this thesis, we aim to evaluate how consistent are the various chemical clocks among
the components of wide binary systems, taking advantage of their expected contemporary
nature. For this, we used a sample of wide binaries with FGK components spanning a
wide range of metallicities and analyzed with high-precision by implementation of a
differential analysis, to then compare the consistency of chemical clocks and individual

abundances in these systems.
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1.4 Structure

We begin by describing the whole sample of wide binaries in Chapter [2] which is
comprised by our sample and a compilation from the literature. In Chapter [3|we explain
the process with which we derived the stellar parameters and chemical abundances of
our sample. Results regarding chemical homogeneity are explained in Chapter [4] and
in Chapter [5| we present a detailed analysis of the consistency found in chemical clocks
and a small exercise to apply these abundance ratios in chemical tagging. Finally, our

conclusions and future work are presented in Chapter [6]



Chapter 2

Sample of wide binaries

2.1 Our sample

For this thesis, we started with a sample of 5 wide binaries with solar-type components
which have been previously classified as bonafide binaries using common proper motions
and photometry in (Chanamé and Gould| (2004), and (Gould and Chanamé (2004). We
checked their parallaxes (w) and radial velocities from Gaia EDR3 (Gaia Collaboration
et al| [2021)), to confirm that the pairs belong to a wide binary system. We also computed

the projected separation s of each system
s=0x1/w (2.1)

considering the inverse of the mean parallax as distance (d ~ 1/w), where 6 is the angular
separation between two stars, A and B, located nearby in the sky and derived from their

right ascension («) and declination (9)

0 =+/(cg —ap)?cosdscosdp + (64 — 05)2 (2.2)

These five systems were observed between September 2011 and January 2()12E] with
the high-resolution Magellan Inamori Kyocera Echelle (MIKE; |Bernstein et al. 2003])

spectrograph on the 6.5 m Magellan Clay telescope located at Las Campanas Observa-

LCN2012A-063 and CN2012A-064 CNTAC programs
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Table 2.1: Right ascension («), declination (J) (both in J2000), parallax () and proper
motion (u) from Gaia eDR3, together with observational data, and projected separations
of our sample of five wide binaries

Star @ 0 w L ILs Date Exp time S/N S
(deg) (deg) (mas) (mas yr~1) mas yr~!) (s) (AU)

HIP32871 | 102.75 -56.24 13.32£0.01 -29.53+£0.02  46.05£0.01 2011 Sep 09  1711.9 344 1254.51
HIP32865 | 102.74 -56.24 13.31+0.01 -27.53+0.01  46.57+0.01 2011 Sep 09  2473.9 342
HIP34426 | 107.05 15.52 20.97£0.02 -54.21£0.03 -212.8440.02 2012 Jan 23  2615.4 506  8218.91
HIP34407 | 107.00 15.53 21.02+0.02 -51.6940.03 -206.17£0.02 2012 Jan 23  1800.0 409
HIP52792 | 161.90 -15.63 12.08+0.13 -113.07£0.11 -45.05+0.14 2011 Nov 04  365.9 332 2594.17
HIP52793 | 161.90 -15.62 11.56+0.04 -118.40+0.04 -47.48+0.04 2011 Nov 04  1911.8 355
HIP58240 | 179.18 -32.27 28.23£0.02 -171.87+0.03 -8.14£0.02 2012 Feb 22  1787.6 299  664.31
HIP58241 | 179.18 -32.27 28.21£0.02 -179.09+0.03 -6.55+0.02 2012 Feb 22 1440.0 297
HIP15304 | 49.36 7.66 21.27£0.02 166.36£0.03 -6.31£0.02 2011 Sep 08 661.5 310 7374.10
HIP15310 | 49.39 7.69 21.23+0.02 168.81+£0.03  -6.39+0.02 2011 Sep 08 792.0 288
VESTA | 318.48 -22.89 - - - 2011 Nov 06 360.0 255

tory. It has a resolution of R ~ 65,000 for the red, and R ~ 85,000 for the blue orders.
The observations were carried using a slit of 0.35” x 5.00 and a binning of 1 x 1. In ad-
dition, we considered a solar spectrum taken from VESTA, also observed in that period.
The spectra cover a range of 3380A to 9370A and have signal-to-noise (S/N) above 250,
which was measured from the fluxes between 777.65 nm and 777.95 nm, because it is a
region free from absorption lines. Data reduction was done using the MIKE Carnegie-

Python pipelineﬂ (Kelson|, 2003} Kelson et al.l 2000).

Figure shows the oxygen triplet of our five wide binaries, where the primary and
secondary component are in blue and orange, respectively. Here we see that some compo-
nents have differences in shape and/or strength of their lines, which besides being caused
by abundance differences can be due to line broadening, like the case of HIP 58240/HIP

58241, a system with a young and active pre-MS primary (Chanamé and Ramirez, 2012).

’https://code.obs.carnegiescience.edu/mike
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Figure 2.1: One-dimensional spectra of our sample of wide binaries, centered in the
oxygen triplet lines at ~777 nm. The primary component is shown in blue and the
secondary in orange.

2.2 Wide binaries in Literature

To improve the statistics of our analysis of chemical clocks, we include 32 wide binary
systems for which high-resolution spectral analysis have been performed in the literature,
and abundances or equivalent widths (EWs) are available. More information about these

systems, like stellar parameters, astrometry and abundances can be found in Table

For systems HAT-P (Saffe et al.l [2017), HD 20782/HD 20781 (Mack et al., 2014, HD
80606/HD 80607 (Liu et al., 2018), WASP-94 (Teske et al., 2016), XO-2 (Ramirez et al.
2015), HD 134439/HD 134440 (Reggiani and Meléndez, 2018)), and ¢ Ret (Saffe et al.,
2016)), we used the available EWs published by the authors to derive their abundances

using the same methodology than for our own observations (explained in Section . In

10
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almost all of these systems, except for the last two, it has been possible to probe that
at least one of its components hosts planets. Although the existence of planets in HD
134439/HD 134440 and ¢ Ret has not been confirmed, they also present a slight differ-
ence in their chemical composition, of about 0.06 dex (Reggiani and Meléndez, [2018)) and
0.04 dex (Saffe et al.l [2016)) in [Fe/H], respectively. This has been interpreted as possible
signs of engulfment in HD 134439/HD 134440, and the existence of a debris disk around
¢? Ret (Eiroa et al., 2010)).

This last system is very peculiar. |[Nissen et al.| (2020) found it is depleted in yttrium
compared to other stars of similar ages. In addition to this, their isochrone and activity
ages are significantly lower than the chemical ages derived with [Y/Mg] (9.1+0.5 Gyr for
¢! Ret and 9.4 +0.5 Gyr for (2 Ret), which implies that its atmosphere behaves like that
of a young star, despite being chemically and kinetically old. A plausible explanation for
this if that they are blue straggler stars formed by short period binaries (Rocha-Pinto
et al., [2002).

The abundances of the remaining 25 wide binaries were taken from [Hawkins et al.
(2020, hereafter H20), where they derived parameters and abundances with spectral syn-
thesis using the BACCHUS code (Masseron et al., 2016). We noted that their system
called WBO01 is in fact HD 80606 /HD 80607 (Liu et al.,[2018). In order to avoid counting
it twice, we only kept its data from H20.

There are no studies that confirm or refute the existence of planets in our systems or
those of H20 (except for WBO01 and HIP 34426/HIP 34407). Despite this, in H20 they
mention that the condensation temperature trend of the 5 systems with A[Fe/H] > 0.1dex
was studied and that, in some cases, there is indeed a clear correlation indicating accre-
tion of rocky material, but they do not go further into the subject. The advantage of
including some binary systems whose components present variations in their chemical
patterns, is that it will allow us to test the consistency of chemical clocks even when
there have been additional factors that could alter the chemical composition of the stars,

such as primordial differences (i.e. planet formation and engulfment) or stellar evolution.

11
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The top panel of Figure shows our entire sample of stars in Gaia EDR3 color-
magnitude diagram (CMD) divided into 3 groups: our five wide binaries (green), H20
systems (orange), and the rest of the systems from literature (blue). For reference we
show in grey circles the catalog of wide binaries from El-Badry and Rix] (2018). The bot-
tom panel shows a Kiel diagram (Teg vs log g) colored by metallicity, where the dashed
lines point the location of the Sun. Each binary is connected with a black line, which
allows us to see that the components have very similar colors, absolute magnitudes and

stellar parameters.

Most of the pairs are well placed in the expected main sequence locus, except for
HD 134439 /HD 134440, which is located below. The components of this binary are very
metal-poor (—1.43 dex and —1.39 dex, respectively), so they are much less affected by
blanketing, and therefore, bluer than a star with the same mass but higher metallicity
(i.e. solar). In Reggiani and Meléndez (2018)) they found that its chemical composition
and kinematics are not consistent with low-a nor high-a halo stars, but instead suggest
that it might have formed in a dwarf galaxy similar to Fornax. This possible intergalactic

origin makes it an interesting object to test chemical clocks.

12
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Figure 2.2: Top: Gaia DR3 color-magnitude diagram of the stars used in this work.
Background stars (grey) were taken from El-Badry and Rix (2018) catalog of wide bina~
ries. Bottom: Kiel diagram (Teg vs log g) colored by metallicity. The dashed lines show
the position of the Sun. HD 134439/HD 13440 is separated from the rest of the sample
and lies below the main sequence, given that it is very metal-poor and suffers much less
blanketing in comparison with other more metal-rich stars of the same mass.

13
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Spectroscopic analysis

3.1 Spectroscopy with iSpec

The spectral analysis was done using the spectroscopic framework iSpec (Blanco-
Cuaresma et al. 2014; Blanco-Cuaresmay, 2019), a Python wrapper capable to run several
state-of-the-art radiative transfer codes and model atmospheres. It implements several
functions for basic spectra manipulation (e.g. S/N estimation, telluric determination,
continuum normalization), along with functions to compute radial velocities, atmospheric

parameters, and individual chemical abundances.

3.1.1 Data preparation

For each spectral order its continuum was fitted by applying a median-maximum fil-
ter to the fluxes to reduce the effects of noise and ignore the deeper fluxes of absorption
lines. Then, it was modeled with a third-degree spline function every 5 nm ignoring pre-
fixed strong lines like tellurics and strong absorption lines identified and masked using a
telluric line list from iSpec. After normalization, the orders were stacked using scombine

task from TRAF using the median value of the fluxes.

The one-dimensional spectra were corrected by their barycentric velocities with iSpec
before determining the radial velocities from cross-correlation with a solar spectrum from

NARVAL (370 — 1048 nm) provided by this framework.

14
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3.1.2 Stellar parameters

Both abundances and stellar parameters were determined from the observed EW,
which were measured with iSpec fitting a Gaussian profile to each line. For the abun-
dance determination, we selected the lines whose strength falls mainly in the linear part
of the curve of growth (Gray, 2008), to avoid saturated or very weak lines. In all our
procedure we used Local Thermodynamic Equilibrium (LTE) MOOGE] radiative transfer
code (Sneden, |1973;|Sneden et al., 2012, 2017 version) and MARCSE] 1D models (Gustafs-
son et al.,[2008)) because they ensures a more realistic temperature structure of the model

atmospheres (Blanco-Cuaresmay, [2019)

The stellar atmospheric parameters were determined with iSpec using the classic
spectroscopic method: excitation-ionization balance. This method requires no correla-
tion between excitation potential and iron abundance derived from several absorption
lines, that is, imposes excitation balance. In addition, it requires having same abun-
dances derived from neutral and ionized iron lines, known as ionization balance. That
way it is possible to constrain the effective temperature Teg and surface gravity log g,
respectively. Finally, microturbulence velocity vpyic is obtained imposing a flat slope in
the iron abundance as a function of the reduced equivalent width (REW) of each line.
The errors on the stellar parameters were automatically calculated with iSpec, from the
co-variance matrix constructed by the nonlinear least-squares fitting algorithm (Blanco-

Cuaresma et al., [2014)).

We used the extended selection of lines provided by iSpec that covers a range of
480nm — 615nm with 154 neutral and 11 singly-ionized iron lines. Atomic data were
taken from the fifth version of the linelist of atomic data from Gaia-ESO Survey (GES)
(Heiter et al., [2021]) and we considered the solar abundance from |Grevesse et al.| (2007).
Finally, we discarded outlier lines using a robust regression of 0.9 with iSpec, to prevent

any strong dispersion in the data. Our resulting stellar parameters are listed in Table 3.1}

"http://www.as.utexas.edu/~chris/moog.html
’https://marcs.astro.uu.se/
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Table 3.1: Radial velocity, effective temperature, surface gravity, metallicity, and mi-
croturbulence velocity of our sample of five wide binaries obtained with iSpec

Star RV Tog log g [M/H] Umic
(km s71) (K) (dex) (dex) (km s71)

HIP32871 | 0.254+0.26 5938 + 82 4.27 +£0.10 -0.24 +£ 0.01 1.21 £+ 0.04
HIP32865 0.0£0.24 5843 £ 72 4.39 &+ 0.09 -0.23 £ 0.01 1.01 £ 0.04
HIP34426 | -12.15+£0.28 5970 +£ 93 4.13 £ 0.10 -0.55 £ 0.01 1.26 £+ 0.06
HIP34407 | -12.64+£0.24 5974 £ 73 4.23 £0.10 -0.34 £ 0.01 1.26 £+ 0.04
HIP52792 | 29.63+0.42 6275 +£94 4.19 £0.11 -0.43 £ 0.02 2.03 + 0.05
HIP52793 | 28.994+0.28 5994 + 91 4.17 £ 0.11 -0.47 £ 0.02 1.33 £+ 0.04
HIP58240 | 6.214+0.22 5848 + 65 4.52 £ 0.08 -0.01 £ 0.02 1.41 £ 0.04
HIP58241 7.0£0.32 5901 + 92 4.74 £ 0.06 0.03 + 0.02 2.00 4+ 0.08
HIP15304 | 31.544+0.24 6120 +£42 4.26 £ 0.08 0.22 +£0.09 1.62 + 0.08
HIP15310 | 32.18+0.24 5966 + 66 4.50 + 0.07 0.25 + 0.08 1.35 £ 0.03

VESTA -5.264+0.2 5799 £ 66 4.49 +£ 0.09 -0.01 £0.07 1.07 &= 0.04

The system HIP 34426 /HIP 34407 is the only one of our sample that has been spec-

troscopically analyzed in the literature. Ramirez et al. (2019)) determined their stellar pa-
rameters using a differential approach with the ¢2 codeE] and obtained T, = 5925+ 12 K,
log g = 4.33+£0.03 dex and [Fe/H] = -0.367 + 0.010 dex for HIP 34407, and Tog = 6007+8
K, log g = 4.32 £0.02 dex and [Fe/H| = -0.544 £ 0.006 dex for HIP 34426. These values
are in good agreement with our results within the uncertainties. Also, they estimated
that their ages are 6.5+ 0.8 Gyr and 6.6 +0.8 Gyr, respectively, assuming that both stars

have identical internal metallicities of about -0.28 dex.

3.1.3 Chemical abundances

Chemical abundances were determined from EWs using an extended selection of lines
from different chemical species provided by iSpec. This list is adapted for the model at-
mospheres, radiative transfer code and linelist we use (see Section [3.1.2)).

3The Qoyllur-Quipu (q2) code(Ramirez et al.,|2014) https://github.com/astroChasqui/q2
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The linelist and the radiative transfer code include a treatment for hyperfine struc-
ture splitting (HFS) for Sc I, VI Mn I, Co I, Cu I, Ba II, Eu II, La II, Pr II, Nd II, Sm II.
Also, it considers isotopic shifts for Zr I and Nd II. That way we measured abundances
of 23 different elements from the following nucleosynthetic families: carbon, a (O, Mg,
Si, Ca, Ti), neutron-capture (Sr, Y, Zr, Ba, La, Ce), odd-Z (Na, Al, Sc, V, Cu), and
iron-peak elements(Cr, Mn, Fe, Co, Ni, Zn). We use the same nucleosynthetic classi-
fication as in Jofré et al.| (2020). Carbon abundances were determined using C I lines.
Oxygen abundances were determined using the oxygen triplet at 777 nm, and corrected
by non-LTE effects with values extracted from MPIA (M. Kovalev et al., 2018)|ﬂ These
corrections typically ranged between —0.64 and —0.9 dex, with variations smaller than

0.1 dex within the components of each system (see Table [A.3)).

Once individual line absolute abundances are measured, strictly line-by-line differen-
tial abundances can be computed. For the element X, the differential abundance AX is
defined as the mean value of the difference in abundance of each line with respect to the

same lines in the reference star:

1 N

AX = ~ ;(Axﬂ- — A ref) (3.1)

Where Ax ; is the absolute abundance of the ith-line of the given star, Ax ,cf is the
absolute abundance of the same line measured in the reference star, and N is the number
of lines. Here, the reference star is the Sun, whose abundances are obtained from the

spectrum of VESTA.

Uncertainties in element abundances were obtained using the standard error (SE =
o/v/'N) when more than three lines were available. This error estimation method is fre-
quently used (e.g. [Meléndez et all [2012; Ramirez et al., 2015; Adibekyan et al. [2016),
but it is important to recall that in the case of elements with few lines it can underesti-
mate the real dispersion, and it is recommended to use the median with the interquartile

(q75 — q25) range as its uncertainty, because it is a more robust estimator of the abun-

4http://nlte.mpia.de
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dances (see Jofré et al. 2018).

For elements with only one spectral line available we used a conservative error of 0.03,
which is the maximum error for the elements with more than 3 lines. Also, we take into
account the effects of the uncertainties in stellar parameters by computing the sensitivity
Osens for each element. Following |Casamiquela et al.| (2020) this ogens is the dispersion
in abundances obtained when varying the stellar parameters by their uncertainties. The
final uncertainty is obtained by adding in quadrature the element sensitivity and the

standard error

Otot = \/ SE? + USQens (32)

3.2 Abundances of wide binaries from the liter-
ature

The abundances of systems collected from the literature (except H20) were deter-
mined from their EW list using the stellar parameters reported by the authors (which
were derived differentially from excitation-ionization balance), and following a similar
method as ours (Section [3.1.3). In addition, the authors of the analyses of the seven
systems taken from the literature reported the EWs of the reference star that they used
(usually VESTA, except for HD 134439/HD 134440 where they used HD 103095). We
used this information to perform the differential analysis in the same way as for our sys-
tems. Something important to recall is that each of these systems was observed within a
different spectral range, therefore their abundances were determined with different lists
of lines. Also, we placed the abundances of the H20 sample to |Grevesse et al.| (2007

scale for consistency.
Our final sample of wide binaries consists of 36 systems (72 stars) with stellar pa-

rameters that span a range of ~ 4946 — 6682 K in Ty, ~ 3.79 — 4.83 dex in log g and
~ —1.43 — 0.41 dex in [Fe/H].

18



Chapter 4

Chemical homogeneity of wide

binaries

4.1 Chemical homogeneity in our systems

The chemical homogeneity of stars in wide binaries has been previously studied (e.g.
Andrews et al.,|[2018; Hawkins et al.l |2020), showing that these systems generally exhibit
very similar chemical patterns within their components, supporting evidence that they
are co-natal. The abundance differences AX between the components of each of our
systems (component A minus component B) are shown in Figure In order to help to
visualize the precision of the measurements, differential abundances with uncertainties
greater than 0.05 dex are colored in gray, whereas orange points depict differences with
smaller uncertainties. Each panel also includes the difference in Tig, logg and [Fe/H]

between the binary components.
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CHAPTER 4. CHEMICAL HOMOGENEITY OF WIDE BINARIES

In some cases we were not able to measure all the elements listed in Figure be-
cause the same spectral line was not correctly measured in one or both components of
that system. Specifically, this is the case of Zr, Sr I, Sc I, La II and Ce II, most of
them neutron-capture elements which are known to be hard to measure since their lines
are weak and sometimes blended (Jofré et al.l 2019). In general, AX is very close to
zero (on average ~ 0.1 dex), bearing out that wide binary systems are indeed chemically

homogeneous, in agreement with previous results found in the literature.

HIP 32871/HIP 32865 differential abundances are on average of about ~ 0.06 dex,
being a remarkable case of homogeneity whereas HIP 34426 /HIP 34407 has average abun-
dance differences of ~ 0.2 dex in most of the elements, being the most inhomogeneous
system in our sample and being comparable to Kronos and Krios (Oh et al.,[2018)), a wide
binary enhanced in refractories by ~ 0.2 dex. HIP 34426 /HIP 34407 was also studied
in Ramirez et al.| (2019), where they proposed and analyzed several scenarios that could
be causing this difference in their chemical composition: (i) perhaps they are not binary
from birth, (ii) engulfment of planetary material rich in refractories, and (iii) inhomo-
geneities in the gas cloud where they were formed. Despite the efforts, it has not yet
been possible to confirm which of these scenarios led to this peculiar system. RV follow
up suggests the presence of a Jupiter-like planet or a third star in the system around HIP
34426, while its T, trend suggests the engulfment of a rocky planet. They also looked for
evidence of circumstellar material given the similarity of the T, trend with that of RV
Tau stars, but found nothing. Then they studied the effects of diffusion, but discarded

it because both stars have very similar log ¢ and unlikely different turbulence.

Regarding how consistent wide binaries are in the different nucleosynthetic families,
we find that the mean AX (excluding HIP 34426/HIP 34407) are ~0.02 dex for neutron-
capture (Sr, Y, Zr, Ba, La, Ce), ~0.003 dex for o (O, Mg, Si, Ca, Ti), ~0.03 dex for
odd-Z (Na, Al, Sc, V, Cu), and ~0.03 dex for Fe-peak elements (Cr, Mn, Fe, Co, Ni,
Zn). This is in good agreement with Hawkins et al.| (2020).
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4.2 Chemical homogeneity of the whole sample

Figure [4.2) shows a comparison of the [X/Fe] for the 24 chemical species, for the full
dataset of wide binaries. The full sample analyzed in this paper is depicted as follows:
our wide binaries (green), H20 (orange) and the rest of the systems from the literature
(blue). Each panel shows a different element, which is indicated at its bottom right.
[Fe/H] is included in the bottom right panel. The abundances are compared considering
one component in the X axis and one component in Y axis, expecting to follow a 1-1 line

if the abundances were to match exactly.

In order to quantitatively study the degree of homogeneity of the abundances in wide
binaries we compare them with the chemical behavior of random pairs, which are not
expected to follow the 1-1 line as wide binaries, given that their components were not
formed together. We constructed random pairs selecting stars according to their position
in the CMD (Figure. as follows. We set a star as a reference and choose the two stars
(which are not its true companion) closest to it in the diagram. This is done because our
sample has stars that were analyzed with different lists of lines, so it is very likely that
by only selecting the closest star, there will not be an absolute match between the lines
of the components of the random systems. This could considerably reduce the number
of these systems in each [X/Fe] and affect our statistics. This exercise is done for each of
the 72 stars of the whole sample, creating a total of 144 random systems. Grey contours
show the distribution of the random pairs if at least three of them have measurements
of that [X/Fe]. We note H20 does not have abundances of O or Ce. That is why some

of these panels, in addition to lacking orange points, lack gray contours.

In Figure we can see that wide binaries are generally more tightly distributed
along the 1-1 line than random pairs, as expected from previous works (Desidera et al.
2006; Andrews et al., [2018). In general, almost all of the elements show solar abundance
patterns and follow a similar distribution centered at zero, possibly because these stars
belong to the solar neighborhood. Exceptions to this are Ba II, Mn I, Cu I, La IT and
Co I, which span a wider range in [X/Fe|, reaching values above 0.5 dex. Regarding

random pairs, they also tend to be concentrated within this range, except in some cases
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Figure 4.2: Comparison of the [X/Fe] ratios of the two components of wide binaries for
all the elements measured in this work. [Fe/H] is in a separated panel at the bottom right
of the figure. The systems are colored as: binaries in our sample (green), H20 (orange)
and other binaries from literature (blue). The distribution of random pairs is shown as
gray contour lines. If there are less than 3 random pairs with [X/Fe], their distribution
is not shown. HIP 34426 /HIP 34407, the most inhomogeneous system of our sample, is
marked with a black square.
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(Mn I, Sc I, etc). We further see that some elements show systematic differences among
the three samples in the sense that they seem to cover different abundance regimes, e.g.
Mn I, Sc I, Ba II, Co I. The reason behind this might be some NLTE effects or the
fact that each of these groups were analyzed in different ways (see Section [2.2)), using
different linelists. Different methodologies, even when using the same prescription and
input data, can lead to systematic differences in abundances. In this case, the fact that
H20 abundances were determined with spectral synthesis, while EWs were implemented
in the rest of the sample can lead to inconsistencies given the different HFS treatment
of each method, as discussed in Section An extensive discussion on this subject can

be found in | Jofré et al.| (2017b).

According to the excitation-ionization balance, neutral and ionized abundances of an
element should be equal, but in practice this is not always the case given NLTE, 3D
effects or HF'S (see|Jofré et al., 2015). We have 3 elements with abundances for the neu-
tral and ionized species: Sc, Cr, Ti. Previous studies have found that Sc I and Cr I are
strongly affected by NLTE (Zhang et al.| [2008; Bergemann and Cescutti, [2010; Battistini
and Bensbyl 2015), while for Ti I the corrections are minor, but it is still more sensitive
to NLTE (Bodaghee et al.,[2003). It is for this reason that we decided to only use the Sc
II, Cr II and Ti II measurements as the abundances of each element for the rest of the

following analysis.

It’s important to mention that our results for elements like Na, Al, Mn, Co and
Ba may be slightly affected by NLTE effects, but since we are performing a differential
analysis these are minor corrections, these should mostly be represented as translations
along the 1-1, not as variations in the dispersion around it. Regarding 3D effects, given
that their implementation provides absolute abundances with greater precision (e.g. |Nis-
sen and Gustafsson, 2018), it is absolutely necessary to include them when calibrating
chemical clocks, but in the case of this work where we only compare the clocks of stars
with similar stellar parameters it is not expected that it plays a big role, since the ef-

fect of the 3D models on the abundances should be very similar (if not the same) for both.
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4.3 Condensation temperature trend

The formation of planets can leave a subtle imprint in their host’s stellar atmosphere
(~ 0.01 dex) (Chambers|, 2010). While in general planets are formed from the same
material as their host star, rocky planets in particular would preferentially remove re-
fractory content (higher T¢), so they may leave the stars slightly poor in these elements
(Meléndez et al., |2009; Ramirez et al., |2009; Nissen, 2015)). Another scenario in which
the stellar composition can be altered are planet engulfment or accretion of material with
planet-like composition (e.g. Saffe et al., [2017; [Maia et al.l 2019)), thus given the nature
of these cases and following the same logic as before, they should also leave evidence in

the abundance of refractory elements of the star.

Figure shows A[X/H] as a function of condensation temperature, T, (Lodders
2003)), for H20 and the wide binaries in our sample that present a trend with an absolute
value of the slope greater that 3 x 107 dex K~! with a significance greater than 20.
This cut is based on the slopes that have been reported in the literature, with which a
trend has been confirmed or denied (Mack et al., 2014; Saffe et al., 2016; Teske et al.|
2016; [Liu et al., 2018; Reggiani and Meléndez), 2018)).

The linear regression was calculated using the function linregress of SciPy libraryﬂ
Since this function does not include the individual error of the elements to derive the
uncertainty of the fit, nor does it allow to make a weighted fit as suggested in [Adibekyan
et al. (2016), we performed the linear regression for the abundances with errors smaller
than 0.05 dex (orange points in Figure . The linear regression that better fits the
data is plotted as a blue line, and its parameters are included in each panel. We leave the
other sample of systems taken from literature (blue systems in Fig. out of this plot,
because the presence or absence of trend has already been studied in their respective

works, and we found their slopes to be consistent with previous results.

In H20 they briefly discussed about this trend in the systems with A[Fe/H] > 0.1dex,
which we identify as WB02, WB05, WB09, WB16 and WB21. Here, we find that three

"https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.linregress.
html
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Figure 4.3: Differential abundance as a function of elemental condensation temperature
from the H20 systems and our sample of wide binaries that present a slope greater than
3 x 107® dex K~!. The blue line shows the linear regression that better fits the data,
which parameters are included in the legend of each system. Differential abundances are
colored in the same way as in Figure The list of elements sorted by increasing T, is
the following: C, O, S, Zn, Na, Cu, Mn, Cr, Si, Fe, Mg, Co, Ni, Ba, Sr, Ce, Ca, La, Ti,
Al Sc, Y, and Zr.

of them, WB02, WBO05, and WB21, present a considerable trend, but also WB10, WB11,
WB22 and WB24. Regarding our sample, we find that HIP 34426/HIP 34407 and HIP
58240/HIP 58241 also show an important trend with condensation temperature. |Ramirez
et al. (2019) studied this trend in HIP 34426 /HIP 34407 and found a similar behavior.
The particular chemical inhomogeneity of this system causes it to have the highest slope
among all the wide binaries in this study, for which one would point to the formation
or accretion of rocky planets as the main responsible for their nature (as discussed in
Ramirez et al.,[2019). Something similar could be proposed for the other systems. Despite
this, there is still no way to know with certainty which specific mechanism is causing this
correlation between chemical difference and T, just with the information that we handle.
Probably, a systematic search for planets in this system would help understanding if the

slope is related to this effect.
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We noted that the element with the lowest T, carbon, seems to have a large influ-
ence on the linear regression, so we performed the fit without this element and found
that only WBO05 and HIP 34426 /HIP 34407 keep presenting a significant trend. C I lines
have negligible NLTE corrections in solar-type stars (i.e. |Caffau et al., 2010), but only
a few of them are useful to determine carbon abundances, thus molecular features are
implemented. However, it is important to implement 3D atmospheric models in order
to have better agreement between atomic and molecular features, as shown in |Asplund

et al.| (2005).

The results presented in this chapter regarding the similar chemical composition of
wide binaries (within 0.1 dex) and those found in previous studies, serve as sufficient
evidence regarding that these systems are excellent laboratories for chemical tagging,
studying effects such as planet presence, and also to test the consistency of chemical
clocks. They support the premise that these stars were born together, along with the
advantage of them spanning a wide range in metallicity. Furthermore, some of them
present differential abundances with a statistically significant trend with T, and are
going to be useful to study the implications of planetary imprints on stellar atmospheres

(formation and/or engulfment) on chemical clocks.
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Chemical clocks in wide binaries

In addition to common chemistry that we have evidenced in the previous chapter,
the expected common origins of the components of wide binaries imply that they should
have similar ages as well (e.g. Kraus and Hillenbrand, |2009). This coevality allows us to

test the reliability of the abundance ratios known as chemical clocks (Section

We follow [Jofré et al. (2020)), who used a sample of solar twins to present a large num-
ber of combinations of chemical abundance ratios shown to have strong dependency with
ages. These relations can be explained with similar arguments as [Y/Mg], which is widely
discussed in the literature (e.g. Nissen| 2015; [Delgado Mena et al., 2019; |Casamiquela
et al., [2021b). The argument is the very different timescales for the production of an
a-capture element such as Mg in comparison with a neutron-capture element such as Y.
When combined, a tight relation of [Y/Mg] with stellar age can be found for stars of
the same metallicity. Jofré et al. (2020) and Casamiquela et al. (2021b) found that the
clocks showing largest age dependency involved neutron-capture elements with elements

produced by other nucleosynthesis channels, as expected given their production scenarios.

We recovered 42 of the abundance ratios using Eq. and their respective errors
(Eq. [1.2). Figure is similar to Figure but we plot chemical clocks instead of
[X/Fe| abundance ratios. In each axis we plot each component of the binary, expecting

the values to follow a 1-1 line given the co-natal nature of the systems. Furthermore, we
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Figure 5.1: Comparison between the components of wide binaries for 42 potential chem-
ical clocks considered in this work. The different systems are colored like in Figure
and the distribution of random pairs is shown in gray curves. Same as in Figure
HIP 34426 /HIP 34407 is marked with a black square for easy visual identification. The
ages related to chemical clocks increase from left to right, so that older stars have more
positive values and younger stars more negative values

29



CHAPTER 5. CHEMICAL CLOCKS IN WIDE BINARIES

included the distribution of random pairs, like in Figure Since H20 lacks Ce and O
abundances, there are 8 chemical clocks for which we are unable to have an estimate of

a random pair correlation.

In addition, we highlight the system HIP 34426 /HIP 34407, which is the least homo-
geneous wide binary of our sample (see individual results in second panel of Figure .
This system is marked with a black square, and despite being really inhomogeneous this
does not seem to have an effect on some of its chemical clocks, especially those that
depend on Ba (e.g. [Ti/Ba], [Al/Ba], [Ni/Ba]). Some chemical clocks span a wider range
in abundance ratio than others, like [Cu/Bal, [Zn/Bal, [Na/Sr], and [O/Y], particularly
because of the H20 sample. As well as in Figure [4.2] we believe that this is mostly due

to a systematic effect in the derived abundances, as mentioned in Section [5.3

5.1 Consistency of chemical ages in wide binaries

In order to quantify the degree of correlation in our data, or lack thereof, we com-
pute the Spearman correlation coefficient (SCC) [I, which measures the linear correlation
between two data sets and was chosen given that the chemical clocks and [X/Fe] in this
work not necessarily follow a normalized distribution. Each SCC and their respective p-
values are presented in Table [5.1] and Table [5.2] for both wide binaries and random pairs.
In Figure [5.2] we plot the distributions of the SCC from Figures and showing
wide binaries in orange and random pairs in blue. The coefficients were derived only
from those chemical clocks and [X/Fe] ratios with at least 10 random pairs, to ensure
robust statistics. Table presents the median and median absolute deviation (MAD)
of the SCC of chemical clocks and [X/Fe] in wide binaries and random pairs, for better

understanding of Figure

The top panel of Figure shows that standard [X/Fe] abundances are more consis-

tent in wide binaries than random pairs, but the differences between distributions are not

!Derived with SciPy: https://scipy.org
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Figure 5.2: Distribution of the Spearman correlation coefficient (SCC) from Figures
(top) and (bottom), implementing a Kernel Density Estimate (KDE) plot smoothed
with a Gaussian and colored in orange for wide binaries and in blue for random pairs.
Statistical features of each plot are listed in Table

so stark. On the other hand, in the bottom panel we can see that the SCC distributions
of chemical clocks are very different from each other, since random pairs show a peak at
~ 0.1 while in wide binaries this is at ~ 0.8 (see Table . Moreover, the areas covered
by each distribution almost do not overlap, which means that there is a very low chance
that stars that do not necessarily have a common origin can have the same chemical

clocks, thus age.

If chemical clocks were just reflecting abundance ratios, their 1-1 correlation should
be comparable to the correlation found for other abundances between coeval stars that

were born together. However, our results imply that chemical clocks are even more con-
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Table 5.1: Spearman correlation coefficients (SCC) and p-values for each individual
abundance and [Fe/H] in wide binaries and random pairs, plotted in Figure

[X/Fe] SCC p-value Random p-value | [X/Fe] SCC p-value Random p-value
Fe/H 0.97 4.4e-24 0.26 0.12 | Nil 0.50 1.6e-03 0.37 0.02
Ba II 0.86 1.9e-11 0.61 0.00 | Mn I 0.45 4.9e-03 0.39 0.03
Zn1 0.83 2.5e-09 0.34 0.05 | Zr II 0.45 2.3e-02 0.23 0.33
Nal 0.74 1.6e-07 0.49 0.00 | Cr1 0.42  1.0e-02 0.32 0.05
Ti Il 0.71 1.1e-06 0.26 0.13 | Sil 0.42  9.2e-03 0.12 0.48
CI 0.71 2.3e-06 0.06 0.73 | Cal 0.37  2.5e-02 0.29 0.09
All 0.68 9.7e-05 -0.03 0.88 | Til 0.37  2.6e-02 0.11 0.51
Cul 0.67 9.3e-06 0.52 0.00 | Cr II 0.35 3.7e-02 0.20 0.28
Sc 11 0.66 7.4e-06 0.10 0.57 | La Il 0.29 1.9e-01 -0.51 0.03
Col 0.64 2.8e-04 0.09 0.71 | Sc I 0.29 2.7e-01 -0.57 0.09
Srl 0.58 1.8e-03 -0.16 047 | Ce II - - - -
Y II 0.55 4.5e-04 0.24 018 | O1 - - - -
Mg 1 0.53  9.9e-04 0.15 0.39

Table 5.2: SCC and p-values for each chemical clock in wide binaries and random pairs,
plotted in Figure

Clock SCC p-value Random p-value | Clock SCC p-value Random p-value
[Zn/Ba]  0.95 8.4e-18 0.41 0.02 | [C/Y] 0.81 1.6e-08 0.40 0.02
[Cu/Ba] 0.93 6.2e-16 0.54 0.00 | [Si/Zr] 0.76 1.1e-05 0.17 0.46
[Sc/Ba]  0.93 9.5e-17 0.19 0.26 | [Na/La] 0.75 5.5e-05 0.43 0.09
[Ni/Ba]  0.90 9.5e-14 0.30 0.08 | [Na/Zr] 0.74 2.2¢-05 -0.36 0.12
[Na/Sr]  0.89 7.1e-10 -0.05 0.81 | [Ni/La]  0.74 7.6e-05 -0.30 0.26
[Cu/Sr]  0.89 1.7e-09 0.19 0.37 | [Ni/Y] 0.72  6.4e-07 0.26 0.13
[Ca/Ba] 0.88 2.3e-12 0.07 0.70 | [Ni/Zr] 0.71 6.8e-05 0.26 0.28
[Ni/Sr] 0.87 9.8¢-09 -0.36 0.09 | [Cu/La] 0.70 3.3e-04 -0.11 0.70
[Na/Y] 087 5.4e-12 029  0.09|[C/Z] 069 2.2e-04 014 058
[Co/Ba]  0.87 3.4e-09 0.09 0.68 | [Si/La] 0.68 5.4e-04 -0.22 0.41
[Mn/Ba] 0.87 5.1e-12 0.37 0.03 | [Mg/La] 0.66 7.8e-04 -0.04 0.90
[Ti/Ba] 0.87 4.le-12 0.00 0.99 | Mg/Y] 0.64 3.8¢-05 0.12 0.49
[C/Ba]  0.86 1.4e-10 015 042 | [Mn/Y] 054 7.2¢-04 0.03 084
[Si/Ba] 0.86 1.le-11 0.20 0.25 | [C/La] 0.49 2.3e-02 -0.08 0.77
[Mg/Ba] 0.86 2.1e-11 0.14 0.44 | [O/Y] - - - -
[Al/Ba]  0.86 2.0e-08 0.24 0.26 | [C/Ce] - - - -
[Cu/Y] 0.86 1.3e-11 0.30 0.08 | [O/Ba] - - - -
[Na/Ba] 0.85 4.0e-11 0.35 0.04 | [Na/Ce] - - - -
[Mg/Sr]  0.85 8.0e-08 -0.38 0.09 | [Ni/Ce] - - - -
[Cu/Zr] 0.84 2.0e-07 0.35 0.14 | [Si/Ce] - - - -
[Al/Y] 0.82 2.2e-07 -0.10 0.64 | [Mg/Ce] - - - -
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Table 5.3: Median and mean absolute deviation (MAD) of the SCC calculated for
chemical clocks and [X/Fe|, for wide binaries (WBs) and random pairs in Figure

Median MAD
Chemical clocks | WBs 0.85 0.04

random pairs  0.15 0.18

[X/Fe] WBs 055  0.13

random pairs  0.23 0.13

sistent, therefore, they do not only trace chemical homogeneity among wide binaries,
they must be carrying age information as well. Moreover, since our sample included
some systems whose composition has been subtly affected by different mechanisms (e.g.
planet formation, planet engulfment, etc), Figure helps us to confirm the idea that
chemical clocks are sensitive to the age of the stars regardless of the possible differences
in their compositions, and still be consistent between the components of such coeval sys-
tems. The reason behind this is that the effect in refractory elements is very small, and
affects them almost equally, with a scatter that is generally less than 0.03 dex (e.g. Maia
et al.l 2019). So, removing this signature from the abundance of the star and deriving

the chemical clocks would lead to variations of less than 0.03 dex.

In a different scenario, if we simply consider true that chemical clocks are capable
of identifying contemporary systems, our results would confirm that the components of
wide binaries are coeval, and it would be one of the first works in the literature to do an

analysis with such a large and varied sample.

5.2 The case of HIP 34426 /HIP 34407

In previous sections we have checked that stars in wide binaries have homogeneous
chemical compositions within the uncertainties. This confirms expectations and previous
results (Andrews et al., [2018; [Hawkins et al., 2020) since all known plausible formation
scenarios indicate that they share common origins, hence they must share their chemical

composition, especially if they are on somewhat similar evolutionary states.
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All that said, however, the case of HIP 34426/HIP 34407 is puzzling and is worth
discussing. From Figure we see that abundances are very different (about 0.2 dex),
with C and O the only exceptions. These stars were already analyzed by Ramirez et al.
(2019), who suggest the differences might be coming from stars not being truly siblings
but chance alignments, the birth cloud not being homogeneous, or engulfment of plane-
tary material. After performing an analysis of the astrometry and the radial velocities
of the system, they found that HIP 34426 shows a variation in radial velocity of approx-

1 something that could indicate the presence of a planet such as a large

imately 60 m s~
Jupiter or the existence of a third component of the system. Furthermore, the difference
in the total velocity of the system positions it as a physically unbound system, but given

its age, [Ramirez et al. (2019) propose that it was a binary at formation.

If these stars were not siblings, but instead were (1) formed at separate sites with
a difference of about 0.2 dex in metallicity, or (2) sites that suffered the possible effects
of chemical evolution (e.g. some considerable time span between the formation of both
components) or stellar migration, then, unless a large coincidence, they most likely would
have significantly different ages and, therefore, different clocks. However, according to
Ramirez et al.| (2019) their ages are very consistent, which most likely rules out these
possibilities and that of a chance alignment, since the probability for two independent
and coeval stars to become a wide binary by dynamical capture in the field is negligible.
Furthermore, we see in Figure that within the 22 chemical clocks measured in this
system, 14 of them show that the system is located almost perfectly on the one-to-one
line despite the seemingly remarkable inhomogeneity (for a typical wide binary system)

in [X/Fe].

If we take the similarity of the chemical clocks as an indication for the stars in this
binary being coeval, then we interpret our results as strong evidence that the cloud ma-
terial from which they formed was inhomogeneous to these levels, on a scale equivalent
to the projected separation of the components of this pair. This may have important

implications for the idea of chemical tagging for Galactic archaeology. The case of binary
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systems like this stands in stark contrast with the recent detailed study of [Kos et al.
(2021)), who determined chemical abundances of about 300 GALAH stars distributed in
the Orion nebula, finding that the nebula is chemically homogeneous (typically within 0.1
dex in each element, except Li), at higher level of precision than the difference observed

in the HIP 34426/HIP 34407 system.

Recently, |Penarrubia (2021) proposed that the formation of ultra-wide binaries (s >
0.1 pc) is via chance entrapment of unrelated stars in the tidal streams of disrupting clus-
ters, and found that most pairs formed in tidal streams can easily be disrupted by subtle
gravitational interactions with other objects. Here we propose that HIP 34426 /HIP 34407
might be part of a tidal stream. This scenario could explain some of the characteristics
that we observe in this system, such as its coevality and the astrometric differences that

in principle classify it as a non-physically bound system (see Ramirez et al., 2019).

5.3 Systematic uncertainties and applicability of

chemical clocks

We are aware that different spectral methodologies can lead to significantly different
abundance results (Hinkel et al., 2016} Jofré et all |2017b, 2019; |Jonsson et al., [2018)).
Our analysis depends on data taken from the literature, and therefore can be affected by
systematic uncertainties. One of them is that, in spite of the fact that we used the same
linelist for our analysis for the pairs for which we had EWs, H20 derived their chemical
abundances using a different selection of lines than ours. Jofré et al.| (2019) extensively
discuss the effects of line selections in resulting abundances. In particular, while being
consistent among all pairs in our full sample, we can see from Figure that the ratios
[Zn/Ba], [Mg/Ba], [Mn/Ba|, and [Cu/Ba] are very different for H20 than the rest of the
sample: they show a tendency to negative values, that do not overlap with range of
abundances found in Jofré et al.| (2020). We note that Jofré et al.| (2020) used a sample
of stars spanning very young to very old ages, leaving little space for a systematic offset

in these abundance ratios due to age.
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To investigate this further, in Figure[5.3] we plot the same abundances as in Figure[5.1
but with the pairs colored by the average T.g of the system. It is evident from the plot
that the cases of [X/Y] with large range along the 1-1 line, also show a gradient with
stellar temperature, i.e. mass. Generally, stars with higher temperatures (~ 6000 — 6200
K) tend to produce ratios concentrated at lower absolute values than cooler stars. We
particularly remark the cases where Ba is involved (e.g. [Ti/Bal, [Si/Ba], [Na/Bal),
showing that there probably is some strong effect depending on the stellar mass for the
retrieval of abundances of this element. Moreover hotter stars seem to be more dispersed

around the 1-1 line. We recall that the hottest stars are also those analyzed by H20.

It is worth commenting that the stellar temperature has a large impact in the line
strength of neutral atomic lines (this is why we adopted the excitation balance method
to determine temperature, see Section . The line strength can have a particularly large
implication in determining abundances which have strong effects due to hyperfine struc-
ture splitting (HFS), such as Mn, Co or Ba. The way different methods deal with HFS
can indeed be a major source of uncertainty for particular elements like Mn or Co (del
Peloso et al., [2005; |Jofré et al., |2017b). For stars of different temperatures, abundances
of Mn can be very different if different prescriptions for HF'S are employed. We also refer
to (Casamiquela et al.| (2020) for the discussions about striking dependencies with Teg
(remarkably for Ba, Na, and Mn). The systematic difference in chemical clocks found

here is therefore a combination of line selection, HF'S treatment and stellar temperature.

There are some discussions in the literature about the metallicity dependency on
chemical clocks (e.g. Feltzing et al., 2017; [Delgado Mena et al., 2019)). (Casali et al.| (2020])
found that the slopes of [Y/Mg] and [Y/Al] versus stellar age change with metallicity (by
using steps of £0.2 dex in [Fe/H]), and related this to the star formation history of the
Milky Way. They concluded that the position of the stars in the Galactic plane is an-
other important parameter to take into account when using chemical clocks to determine
ages (e.g. whether it belongs to the thin disk or to the thick disk), because at different

locations stars can have different metallicities. Most recently, Casamiquela et al.| (2021Db])
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Figure 5.3: Comparison between the components of wide binaries for potential chemical
clocks considered in this work. Colors depict the mean temperature of the system.
Generally, stars with higher temperatures (~ 6000 — 6200 K) tend to produce ratios
concentrated at lower absolute values than cooler stars, and hotter stars seem to be more

dispersed around the 1-1 line.
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used a sample of red clump stars in 47 open clusters to study the abundance-age relation
in a large spatial volume (6 kpc < Rca < 12 kpc), covering regions outside the local
bubble, unlike most studies on chemical clocks that use solar twins. By studying [Y/Mg]
and [Y/Al] in more detail, they find that the clusters located outside the solar neighbor-
hood appear to have a significantly greater dispersion in abundances compared to the
local ones, without finding any dependence on metallicity because of the narrow range
in [Fe/H] of their sample. They attribute this finding to galactic dynamics processes,
such as radial migration of stars or clusters, which are more likely to be sampled when

covering a wider range in distance and can trace different chemical evolutionary histories.

In general, the results of other studies indicate that chemical clocks have several lim-
itations caused by the chemical and dynamic nature of our Milky Way, so one must be
very careful when using them to derive ages. Even so, their conclusions do not present
problems or restrictions regarding chemical clocks being consistent in coeval star systems.
Little however has been discussed in terms of the effects in deriving ages using chemical
clocks when such abundances are hampered by systematic uncertainties such as those
discussed here. More such analyses are needed in order to fully assess the applicability

of chemical clocks for wide Galactic archaeology studies.

5.4 Most consistent clocks in wide binaries

Based on our results we have selected three chemical clocks that have the highest
correlation coefficient for wide binaries, low SCC for random pairs (< 0.2), and that also
trace the age consistency of HIP 34426/HIP 34407 system despite the chemical differ-
ences of its components. Figure shows [Sc/Bal, [Ca/Ba] and [Ti/Ba] and the SCC

values for wide binaries and random pairs.
We can see that despite coming from independent spectroscopic measurements, the

chemical clocks of the wide binaries fit nicely to the 1-1 line, and although we are aware

that there are systematic errors in our sample due to the inclusion of systems analyzed
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Figure 5.4: Chemical clocks with the higher correlation in our sample of wide binaries:
[Sc/Ba], [Ca/Ba] and [Ti, Ba]. The distribution of random pairs is shown in gray curves
and HIP 34426/HIP 34407 is marked with a black square, as in Figure These
abundance ratios can trace the coevality of HIP 34426 /HIP 34407, despite its chemical
inhomogeneity.

with different methods, these do not affect when plotting the age consistency of these
systems. But, if they are to be implemented in chemical tagging studies, it is necessary
to follow a spectroscopic analysis as consistent as possible in order to avoid any system-
atic uncertainty which could make the identification of stellar groups very difficult. It is
worth emphasizing that Figure shows the potential of these abundance ratios to rep-
resent the ages of systems that arise from a common origin, even when certain chemical
inhomogeneities are present, but still, it remains to be seen how these clocks relate to

the individual ages of the components of wide binaries.

In this chapter we accomplished the main aim of this thesis by finding that chemical
clocks are significantly more consistent among wide binaries than random pairs, even
when these systems are not perfectly homogeneous in a chemical sense (something that
is illustrated in Figure and more remarkably by HIP 34426 /HIP 34407). Additionally,
we find that these abundance ratios are prone to suffer from systematic effects depending
on the spectroscopic methodology implemented in the analysis. Despite this, the fact that
chemical clocks really trace information about ages and chemical evolution, makes them

an interesting ingredient in other applications, for example in the attempts of chemical

tagging.
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5.5 Testing chemical tagging of Open Clusters

with chemical clocks

As extra test, we want to include in this work our first approach to chemical tag-
ging with chemical clocks, for which we decided to use open clusters (OCs), because of
their well-known chemical homogeneity and coevality, but also because most of the stars
in the disk were born in structures like this and then were released into the field due
to Galactic tidal effects that can destroy stellar clusters (Roser et al.l [2019; |Roser and
Schilbach), 2019; Krumholz et al., 2019). The aim of this exercise is to assess whether
chemical clocks provide any advantage to this technique. For that we will focus on three
main points: (1) can we recover these OCs with chemical tagging only using individual
abundances? (2) can chemical clocks improve the performance of chemical tagging in
this sample? and finally (3) can we use chemical clocks to decontaminate the recovered

groups?

Blanco-Cuaresma et al| (2015) found limitations in recovering OCs with chemical
tagging, given some overlapping of these systems in the abundance space, due to, for
example, small ranges in metallicity and variations in chemical abundances at different
evolutionary stages. There are some other works like the ones of [Price-Jones and Bovy
(2019)) and Price-Jones et al.| (2020)) (hereafter PJ19 and PJ20) where they performed
chemical tagging based on APOGEE data, and found similar overlapping issues when
identifying OCs. Yet, as another test that could be done, Ness et al.| (2019) proposed
using abundances extracted from the cluster’s age relations, such as those shown in their
work, to reconstruct synthetic clusters and find the implications of the internal dispersion

of OCs in chemical tagging.

Recently, Casamiquela et al.| (2021al) used a sample of red clump stars with high pre-
cision abundances from 31 OCs to again test chemical tagging with HDBSCAN, but they
were only able to reconstruct ~29% of the original clusters, with some contamination,
even when the internal coherence of the groups was typically 0.03 dex. They found that

only those clusters with particular chemical signatures that stand out from the rest of
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Table 5.4: Properties of the sample of OCs from (Casamiquela et al.| (2020).

Cluster o o # members log age D
(deg)  (deg) (vr)  (po)
Ruprecht 147 | 289.06 -16.27 24 9.3 284
Hyades 69.66  17.53 62 8.9 48
NGC 2632 143.93 19.24 22 8.85 186

the clusters could be more easily recovered, otherwise, the chemical overlap practically

precludes any strong chemical tagging attempt.

All of these studies have in common that they only used individual abundances as
input parameters for clustering. This makes the idea of testing the benefits of including
chemical clocks in chemical tagging of OCs even more interesting, because despite efforts

it is still an open problem.

5.5.1 Methodology

Given that in some of those studies the importance of using a sample of OCs with
large number of members and high-precision abundances is highlighted, we decided to
use the sample of 3 OCs from |Casamiquela et al.| (2020) (hereafter C20), composed by
Ruprecht 147, the Hyades, and NGC 2632, each of them with more than 20 stars, as
shown in Table In C20 they derived the radial velocities, stellar atmospheric param-
eters and chemical abundances of 22 species (Na I, Mg I, A1 1, Si I, Ca I, Sc II, Ti, V
ILCrI, Mn I, Fe, CoI, Ni I, Cul, Y II, Ba II, La II, Ce II, Nd II, and Eu II) for the

components of these clusters with high precision (< 0.04 dex on average).

The methodology implemented in this exercise is based on PJ19, where they used
DBSCAN (implemented in scikit—learrﬂ) for clustering in high-dimensional chemical
space, because it does not need information about how many groups are expected, in-

stead it only relies on the density of stars in chemical space to find the groups. From now

’https://scikit-learn.org/stable/modules/generated/sklearn.cluster.DBSCAN.
html#
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on we set the difference between cluster and group, being clusters those of the original

sample and groups those found by DBSCAN.

This clustering algorithm has two important parameters, € and Nps. The radius of a
star’s chemical neighborhood is given by €, which is derived by computing the median of
pairwise distances between stars (x4, ;) in chemical space, D, multiplied by a normalized

€ (€) that can go from 0 to 1

s,t

€ = ¢ - median (DNs“”ey (xs, xt)> (5.1)

Where Ngyvey is the number of stars in the chemical space. These distances in the
chemical space we derived using a Euclidean metric. The number of points, Nyt is
the minimum number of stars in the e-neighborhood needed to classify certain star as
core, boundary or noise. A core star is one that is surrounded by Nps stars within its
e—neighborhood, whereas any star that is within this e—neighborhood but is not a core
itself is classified as boundary. If the star is not in the e—neighborhood of any core star

it is then classified as noise star.

In a simulation aimed to test the performance of the clustering algorithm, there are
three quantities useful to assess the model’s performance. First the Homogeneity, Hf ,
which is 1 if the group g; only contains members of a specific cluster o;, meaning there
is no contamination from others. Then there is the Completeness, CZ , that quantifies
how many of the stars of a cluster are recovered and how representative of it the group

manages to be

I #stars in g; from o

7

ol — #stars in g; from o;

7

(5.2)

#stars in g; F#£stars in o;

In order to evaluate if a group is recovered we need to set constrains on its values of
homogeneity and completeness. In PJ19 they set these thresholds to be 0.7. Then, if the
group has homogeneity and completeness larger than 0.7 we claim that it is recovered,

and it is included in a subset R. Finally, the recovery fraction (RF') quantifies how many
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of the clusters are well reconstructed, and is given by:

RF — #groups in R
#open clusters

To create the chemical space we used a data set of abundances based on PJ20, but
including some neutron-capture elements, since they are known to be good tracers of
chemical evolution. This ended as a 10-dimensional set formed by Mg, Al, Si, Mn, Fe,
Ti, Ni, Sc, Y, and Ba. For chemical clocks we constrained the sample to those with SCC
larger than 0.8 (see Table ; a total of 14 abundance ratios. Not only that, but also
to check the effect of chemical clocks in this process of chemical tagging we implemented

3 different models with different data sets used to create the chemical space:
e Model 1: Only comprised by individual abundances
e Model 2: Only comprised by chemical clocks
e Model 3: Combines individual abundances and chemical clocks

Finally, to find which combination of parameters provides the best performance, we
ran DBSCAN with multiple combinations of € and Nps. For each of them we computed

the homogeneity and completeness of each group to then obtain the recovery fraction of

that DBSCAN model.

5.5.2 Results

A DBSCAN model is said to perform the best when it has a maximum RF and a
number of groups, equal to the number of clusters. In this case, the best performance
should be given for RF = 1 and a number of groups equal to 3. In Figure [5.5 are shown
the RF', number of groups, and the product between these two variables, for each of the
DBSCAN models computed with different combinations of € and Nps. It presents the
results for Model 1 (top), Model 2 (center), and Model 3 (bottom). Thanks to the right
panels we can identify the combinations for which a DBSCAN model has the best per-
formance as the points with larger values (which in theory should be equal to 3) colored

as dark purple dots.

43



CHAPTER 5. CHEMICAL CLOCKS IN WIDE BINARIES

Recovery fraction

N %rouEs

Recove
0.00 0.25 0.50 0.75 1.00

fraction * N groups

0.0 0.1 0.2 0.3 0 1 2 3
50 50 50
40 40 40
. 30 f J330 ‘330
= = =
20 i 20
10 ;g 10
Hi st
0 0
10-2 1071 10° 10-2 10-1 100
£ £
[ T
0.0 0.1 0.2 0.3 0.00 0.25 0.50 0.75 1.00
50 50
40 40 40
.30 i .30 ., 30
g i g 2
= 4 = =
20 d 20 20
ll§=
10 i 10 10
i 1]
HH HH
0 0 0
1072 1071 10° 102 102 1071 10°
£ I3
[ T [ T |
0.0 0.1 0.2 0.3 0 2 3 0.00 025 0.50 0.75 1.00
50 50 50
40 40 40
. 30 : . 30 . 30
8 3 2 1 2
= H = =
20 20 20
H
33
10 48 10 10
H
N e
B4 B
0 0 0
102 10! 10° 1072 102 1071 100
£

£

Figure 5.5: Recovery fraction, number of groups, and the product between these two
variables, for each of the DBSCAN models computed for different combinations of € and
Nopts, for the three models: Model 1 (top), Model 2 (center), and Model 3 (bottom).
According to the colormap variables with small values are colored as soft pink dots

whereas higher values are colored in dark purple.
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If we look into the RF values of each DBSCAN model, we can notice that for all
three models these do not reach values larger than 0.33, meaning that only one group
is recovered in each of them. In all of these models that group had a considerably large
fraction of stars from the Hyades (55 of 62 stars, and with 5 stars from NGC 2632 in the
best case), thus we can claim that we were able to reconstruct this cluster. The other
groups did not meet the homogeneity and completeness conditions to classify them as

recovered.

With this information we can answer our first question. We can perform chemical
tagging in OCs, but DBCSAN is not able to reconstruct each one of them; only one is
well recovered, and happens to be the cluster with the largest number of members of our
sample. Furthermore, we find there is no better performance for any combination of data
sets since all the models have the practically the same performance. Hence, regarding
the second question about whether chemical clocks improve chemical tagging, we must
say that it is not the case because for all the models, including those with chemical clocks
(Model 2 and 3) the RF is the same, meaning that in this sample clocks did not provide
more information that could help to better identify the other two clusters besides the

Hyades.

To better understand these results, we must remember that our sample is small and
limited in age. There are two clusters, Hyades and NGC 2632, that have similar ages
(see Table , so it could be expected that including chemical clocks in the chemical
space would not be useful or sufficient to identify their respective members. Also, since
DBSCAN is density sensitive and its threshold is usually given by the densest group in
space, it is possible that we could only identify the Hyades and not NGC 2632 because
the number of stars in the Hyades is almost three times the number of stars in the sam-
ple of NGC 2632. These points illustrate that a better case to study chemical tagging
in open clusters could be given by a sample that spans a large range of ages, and (1)
has a similar number of members per cluster or (2) the implementation of a clustering

algorithm that is not sensitive to cluster density like HDBSCAN.
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Figure 5.6: Spatial distribution of stars in the groups used for decontamination with
chemical clocks. These are examples of the three different results that can be obtained
in this exercise: best (left), common (center), and worst (right) scenario. Noise stars are
depicted as small black circles, while boundary and core stars are small and large yellow
or red circles depending on the group they belong to. Each panel shows the homogeneity
and completeness of the model. We find that many stars from the cluster are classified
as noise, decreasing the completeness in all the cases.

Our final test is to assess if chemical clocks could be used to decontaminate the
recovered groups. In order to try this we chose the DBSCAN model with the best per-
formance, which is given with a Ny = 2 and € = 0.369 using Model 1. This combination
managed to recover a large fraction of the Hyades, a total of 55 members, but with some
contamination of 5 stars from NGC 2632, presenting a homogeneity of 0.91 and com-
pleteness of 0.81. Since this group presents a new chemical space we had to recompute
€, but this time only implementing Model 2. Afterwards, we ran DBSCAN for different
combinations of Nps and € in order to find which provided the best results. Figure
is a summary of the 3 different cases obtained after trying to decontaminate the group
using chemical clocks. It shows each of the stars in the physical space with colors and
sizes according to their classification. Stars identified as noise are depicted as small black
circles, while boundary stars are shown as small yellow or red circles depending on the

group they belong to, and core stars are large circles.

In the left panel is the model obtained with Npints = 6 and € = 0.368. We see that
clocks are able to remove contamination from NGC 2632 (located at the bottom left),
but the cluster itself is separated in two different groups. Then, in the middle panel

(Npoints = b and € = 0.335) we find that the decontamination is not totally efficient
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because there still are some stars from NGC 2632 identified as members of the Hyades,
and it also separates the group in two. Finally, the worst scenario is shown in the right
panel (Npoints = 4 and € = 0.19), and is the one were you get a maximum homogeneity
due to the loss of most of the stars that were members of the cluster. We note that in
all of these 3 cases the completeness of the group decreases with respect to the value
obtained before decontamination, meaning that lots of stars are lost in this process, even
stars that are real members of the cluster. Therefore, we can say that decontamination
with chemical clocks might work, but it might reduce the number of well-identified stars.
Even more, with some combinations of N,s and € DBSCAN divides the original group

in two.

As a summary, after doing this exercise we find that we can use chemical tagging
to reconstruct OCs but it has a poor performance. This is expected from the previous
results of |Blanco-Cuaresma et al| (2015), PJ19, PJ20, and Casamiquela et al. (2021a).
Also, we found that chemical clocks do not improve the performance of chemical tagging,
but they can be used to decontaminate the recovered groups if we take into account that
this will not always provide the cleanest results given the similar ages of OCs. Moreover
one has to be aware of the possible loss of real members and possible division inside the

cluster itself.

However, there is a lot of room for improvement. One of the keys to have more
definitive results would be to have a larger sample of OCs with large number of mem-
bers, spanning a wider range in age and metallicity, and grouping the stars by their
evolutionary stage before trying to chemically tag them, so we can neglect any effects
like diffusion which can cause the internal chemical coherence of the cluster to decrease.
This is illustrated in C20, where they find abundance amplitudes around 0.15 dex in the
Hyades, and 0.2 dex in the other two clusters when using all the stars, independently of
their type. Furthermore, in order to make this exercise more realistic, it would be ideal
to include field stars, to check to what extent it is possible to differentiate stars that
were born together from background stars, similar to the work of Ness et al.| (2018)), and

evaluate if chemical tagging works even when there is some noise in the chemical space.
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As mentioned before, implementing clustering algorithms like HDBSCAN would al-
leviate the need of having a similar number of members for each cluster, and therefore
we would not have to worry about the results being biased due to the variety of densi-
ties in space. Finally, it would also be interesting to do the same procedure but using
different data sets of abundances and chemical clocks, because it is still not clear how
the dimensionality of the chemical space can affect the results (see |Casamiquela et al.
2021al), and if there is some kind of “recipe” or combination between chemical clocks and
abundances that would really allow us to solve the problem of strong chemical tagging

in open clusters.
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Summary and future work

In the present work we studied how consistent are abundance ratio groups, collec-
tively known as chemical clocks, among the components of wide binaries. Since the latter
are expected to share a common formation site and to be coeval, the comparison of their
chemical clocks provides a basic check on the concept itself of a chemical clock and its
overall validity. For this, we spectroscopically analyzed a sample of five systems, four of
which for the first time, doing a differential analysis with respect to the Sun and using
the equivalent widths method. We found that the components of these systems are chem-
ically homogeneous (within 0.1 dex), in good agreement with what has been found in
other wide binaries. One remarkable exception is HIP 34426 /HIP 34407, which presents
differences of ~ 0.2 dex in abundance of most of the elements measured. We found their
chemical clocks to be consistent, in agreement with the similarity in their ages that is
reported in previous works. With this evidence we discarded some possible formation
scenarios which could explain its chemical difference, like stellar migration or a chance

alignment.

In order to attempt to test chemical clocks with a bigger and more representative
sample of stars, we enlarged our sample by including 31 systems from the literature, find-
ing that the components of these wide binaries follow a 1-1 relation in all the abundance
ratios studied, as expected thanks to what we know about the formation scenarios of these

systems. Our results indicate that systematic uncertainties from different methodologies
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can affect the final abundances, and probably have a significant effect on the different
chemical clocks. In order to better assess and quantify this effect, a more careful analysis
of common stars but different methods should be performed, as well as having the ages

of all these stars.

Also, we compared the degree of correlation of individual abundances and chemical
clocks, and found that chemical clocks are more consistent between components of wide
binaries than individual abundances, even for stars that might have gone through any
process that alter its atmospheric composition. Therefore, we conclude that chemical
clocks really carry more information than just the plain run of individual chemical abun-

dances, information probably related to age and a common formation site.

Finally, we propose that including them in the chemical tagging parameter space
would be very beneficial and allow better identification of members of disrupted stellar
groups. Our first attempt in doing so with a sample of 3 OCs showed us that chemical
clocks do not add more information into the chemical space, hence they do not improve
the performance of chemical tagging, but they can be used to decontaminate the recon-
structed groups carefully, considering possible losses of true members of these clusters.
However, testing chemical tagging in OCs has been found to be problematic in other
works, so it is important to recall that these are preliminary results and there is a lot of
fine-tuning and exercises to do before totally discard any possibility of improvement by

using chemical clocks in chemical tagging.

6.1 Future work

As future work we want to study how internal processes in post main sequence (post-
MS) stars, such as atomic diffusion (Dotter et al. |2017}; Liu et al., 2021)), can alter these
abundance ratios. For that we can take advantage of the co-natal nature of wide binaries
by using systems comprised by a MS and a turn-off (TO) or subgiant (SG) star and

compare their chemical clocks.
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Figure 6.1: Gaia color-magnitude diagram of our sample of wide binaries. The post-MS
and MS components are colored purple and cyan, respectively. Also, in order to confirm
our evolved components to be so we included isochrones (orange) computed with MIST
for solar metallicity ranging from 2 to 13 Gyr with steps of 1 Gyr

Another interesting application of the coeval feature of wide binaries is that we can
be able to determine with precision the age of systems in which one of their components
is a TO or SG, since at these stages the isochrones are clearly separated from each other
and can be easily differentiated. This procedure is able to improve the precision and
improve the estimation of the ages of MS stars that are in these types of systems, which
we know is highly uncertain via theoretical isochrones, as these barely separate from each
other in that stage. Thanks to that we can also use wide binaries formed by a MS and

a TO or SG in order to calibrate chemical clocks.

To do so, we already have an accepted proposal to observe 14 of these wide binaries
taken from El-Badry and Rix| (2018]). Our targets and MIST (MESA Isochrones & Stellar
Tracks. [Paxton et al., [2015; |Choi et al., 2016} |Dotter, 2016) isochrones from 2 to 13 Gyr

are shown in Figure [6.1] where the MS component is colored in blue, the post-MS com-
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panion in purple, and the gray background is the full sample of wide binaries of [El-Badry
and Rix| (2018). Due to the pandemic and the consequent closure of some facilities we
were not able to observe during the scheduled time. Hopefully we can reschedule these

observations to another period, or we can get our proposal accepted again.

Given that wide binaries can span a wide range in metallicity, calibrating chemical
clocks with these systems would also allow us to study the metallicity dependence that
has been previously found and perhaps contribute to the understanding of how universal

these stellar age tracers are.
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Table A.1: Astrometry from Gaia EDR3 and stellar parameters of the wide binaries
from the literature.

Star @ 1) w RV Tog log g [Fe/H] Upnie
(deg) (deg) (mas) (km s™!) (K) (dex) (dex) (km s71)
XO-2N 117.03 50.23  6.66 47.68 5307 £19 4.30 £0.05 0.41 £ 0.02 0.93 £ 0.05
X0-2S 117.03  50.22  6.67 46.85 5374 £16 4.33 £0.04 0.35+0.02 0.94 £ 0.04
72 Ret 49.46 -62.57 83.02 12.21 5854 £ 28 4.54 +£0.04 -0.22 & 0.00 0.95 £ 0.09
Z1 Ret 49.57 -62.50 83.06  12.01 5710 £ 22 4.53 £0.03 -0.20 = 0.00 0.80 &+ 0.07

HAT-P-4 229.99 36.23 3.11 -1.67 6036 £ 46 4.33 £0.13 0.28 £0.01 1.29 £ 0.07
TYC 2569 | 230.00 36.21  3.08 -1.94 6035 £ 36 4.39 £0.10 0.18 £0.01 1.22 £ 0.06
HD 134439 | 227.55 -16.40 34.02  310.88 5084 + 27 4.66 & 0.06 -1.43 +0.02 1.22 £ 0.08
HD 134440 | 227.55 -16.48 34.03  311.35 4946 £ 26 4.68 = 0.07 -1.39 £ 0.02 1.17 £ 0.06
HD 20782 50.02 -28.85 27.88 39.89 5789 £ 38 4.41 +£0.12 -0.02 £0.02 1.32 £0.10
HD 20781 50.01 -28.78 27.81 40.31 5324 £52 451 +£0.10 0.04 £0.03 1.02 £ 0.11
WASP-94A | 313.78 -34.14 4.75 -8.30 6194 £5 421 +£0.01 032+0.00 1.43+0.01
WASP-94B | 313.79 -34.14 4.72 -8.46 6112+ 6 4.30£0.02 0.30£0.00 1.32+0.01
WB01A 140.67 50.60  15.15 3.70 5604 £ 24 4.62 +£0.07 0.36 £ 0.01 0.87 £ 0.05
WB01B 140.66  50.60  15.14 4.16 5663 &£ 21 4.67 £0.12 0.37 £0.01 1.03 £ 0.05
WB02A 203.60 26.28  7.70 -4.76 6460 £ 54 3.96 £ 0.45 -0.11 £ 0.01 1.47 £ 0.08
WB02B 203.60 26.28  7.72 -4.38 6360 £ 95 3.94 £0.19 -0.21 £0.01 1.62 £ 0.09

WB03A 57.94 3489 7.33 NaN 6440 + 38 4.36 £ 0.34 -0.35 £0.02 1.09 £+ 0.11
WB03B 57.94 3488 7.33 NaN 6461 & 64 4.56 £ 0.68 -0.34 £0.01 1.47 £ 0.14
WB04A 63.94 4539 13.03 64.87 5828 £31 4.35+0.20 0.00+0.01 1.17£0.05
WB04B 63.94 45.39 13.07 64.73 5886 £ 29 4.44 +£0.29 0.04 £0.01 1.16 £ 0.05
WB05A 53.85 4231 6.12 16.56 6027 £29 429 £ 031 0.20 £0.01 1.25 £ 0.04
WB05B 53.87 4230  6.08 16.95 5995 £ 68 4.32 +£0.44 0.09 £0.01 1.32 £ 0.05
WB06A 36.23  -2.11  8.27 NaN 6302 £108 4.22 £ 0.26 -0.20 £ 0.01 1.54 £ 0.07
WB06B 36.22  -2.11  8.27 26.15 6251 & 52 4.30 £0.49 -0.19 £ 0.01 1.36 £ 0.06
WBO07A 2441 715  14.62 NaN 5247 £ 22 4.67+£0.20 0.14 £0.01 0.70 £ 0.04
WB07B 2442 715 14.57 23.81 5250 £ 21 4.56 £0.23 0.13 £0.01 0.88 £ 0.04
WB08A 26.06 9.49 13.92 6.72 6513 £ 44 4.07 £0.85 -0.06 £ 0.01 1.37 £ 0.07
WB08B 26.06 948 1393 6.94 6682 &£ 15 4.39 £ 049 -0.07 £0.02 1.35 £ 0.12
WB09A 25.33  10.11 12.36 17.49 5908 + 61 4.31 £0.28 -0.28 £0.01 1.27 £ 0.06
WB09B 2532 10.11 12.36 18.13 6091 £ 39 4.31 £0.39 -0.16 £ 0.01 1.24 £ 0.06
WBI10A 65.62 51.81 894 NaN 6242 £ 32 483 £0.28 -0.01 £0.01 1.22 £ 0.06
WB10B 65.61 51.81 8.97 NaN 6025 £ 17 4.80 £0.28 0.02 £0.01 1.02 £ 0.04

WBI1A 125.74 763 19.66 -15.86 5479 £ 65 4.78 £0.33 -0.01 £0.01 1.52 &+ 0.05
WBI11B 125.75  7.63 19.67  -15.56 5355 £ 57 4.75 +£0.01 -0.06 £ 0.01 1.20 £ 0.05
WBI12A 11243 18.28 8.21 -26.25 9913 £24 421 £0.17 -0.20 £0.01 1.13 £ 0.05
WBI12B 11245 18.28  8.22 -26.79 5916 £ 14 427 +£0.25 -0.16 £ 0.01 1.04 £ 0.04
WBI13A 69.36  0.58  15.67 38.97 5864 £ 69 3.92 4+ 0.10 -0.30 £ 0.01 1.37 £ 0.06

WBI13B 69.36  0.55 15.70 38.61 5865 + 24 3.79 £0.21 -0.33 £0.01 1.31 £ 0.08
WB14A 73.57 737 33.78 46.67 5193 £ 68 4.50 £0.44 0.07 £0.01 1.22 £ 0.04
WB14B 73.57 737  33.76 46.54 5226 &£ 38 4.65 £ 0.07 0.06 £ 0.01 1.13 £ 0.04
WBI15A 77.56  14.00  9.70 36.86 6519 £ 65 4.38 £0.26 0.13 £0.01 1.57 £ 0.09
WBI15B 77.56  14.00  9.70 NaN 6493 £ 69 4.34 £0.31 0.12 £0.01 1.55 £ 0.08
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Table A.2: Continuation of Table

Star Q 0 w RV Tog log g [Fe/H] Uic
(deg) (deg) (mas) (kms™!) (K) (dex) (dex) (km s71)
WBI16A | 177.00 -8.63 7.34 -16.74 6258 £ 47 4.13 £ 0.26 -0.30 &£ 0.01 1.39 + 0.09
WB16B | 177.00 -8.63 7.33 -17.04 6354 £ 51 444 +0.49 -0.17 £0.01 1.31 £ 0.10
WBI17A | 209.03 -4.62 8.95 NaN 6095 £106 4.06 + 0.34 0.00 £ 0.02 1.55 £ 0.09
WBI17B | 209.03 -4.62 8.94 8.66 6265 £83 4.15£0.34 0.01 £0.01 1.71=£0.07
WBI18A | 156.78 18.06 17.49 11.04 5347 £ 64 4.60 £ 0.32 0.07 £ 0.01 1.10 = 0.04
WBI18B | 156.78 18.06 17.50 NaN 5404 £ 17 4.64 £ 0.32 0.05 £ 0.01 1.05 + 0.03
WBI19A | 178.63 19.41 25.38 5.94 5739 £ 25 4.69 £ 0.23 -0.07 £0.01 1.00 £ 0.05
WBI19B | 178.64 19.43 25.38 5.76 5607 £ 14 4.75 £ 0.12 -0.04 £ 0.01 0.76 £ 0.05
WB20A | 174.71 32.64 7.52 21.61 6195 £ 25 447 £0.30 -0.16 £0.01 1.10 £ 0.06
WB20B | 174.68 32.63 7.57 22.07 6283 £26 4.55£0.30 -0.14 £0.01 1.19 £ 0.06
WB21A | 46.01 5252 7.22 -40.73 5947 £129 4.16 + 0.23 -0.66 = 0.01 1.59 %+ 0.15
WB21B | 46.01 52.52 7.22 NaN 6040 + 45 4.21 £0.31 -0.58 £0.01 1.20 £ 0.13
WB22A | 75.89 63.09 31.11 -26.02 5514 £ 26 4.64 £ 0.21 -0.22 £0.01 1.01 £ 0.05
WB22B | 75.88 63.08 31.16 -26.50 5687 £ 25 4.57 £0.38 -0.21 £0.01 1.06 £ 0.04
WB23A | 137.10 27.54 20.58 30.02 5996 + 30 4.62 + 0.22 -0.26 &= 0.01 1.07 = 0.06
WB23B | 137.11 27.54 20.45 30.31 5974 £ 68 4.51 £0.33 -0.28 £ 0.01 1.30 £ 0.05
WB24A | 159.87 31.71 14.43 8.66 5632 £ 45 4.63 £ 0.35 0.17 £ 0.01 1.13 + 0.04
WB24B | 159.86 31.70 14.45 7.64 5605 &+ 50 4.63 = 0.38 0.19 £0.01 1.17 £ 0.04
WB25A | 126.71 39.01 11.79 -4.39 6430 £ 37 4.59 £0.23 -0.04 £0.01 1.28 £ 0.07
WB25B | 126.64 39.05 11.83 -3.31 6232 + 34 4.64 £0.20 -0.10 £ 0.01 1.29 £ 0.09

Table A.3: NLTE corrections of each line of the oxygen triplet, extracted from MPIA.

Star 7771.959  TTT4.177T  T775.398
(A) (A) (A)
HIP 32865 | -0.740 -0.698 -0.643
HIP 32871 | -0.831 -0.783 -0.717
HIP 34407 | -0.841 -0.785 -0.709
HIP 34426 | -0.792 -0.724 -0.641
HIP 52792 | -0.981 -0.921 -0.825
HIP 52793 | -0.827 -0.765 -0.682
HIP 58240 | -0.684 -0.645 -0.600
HIP 58241 | -0.689 -0.650 -0.603
HIP 15310 | -0.797 -0.788 -0.772
HIP 15304 | -0.893 -0.891 -0.890
VESTA -0.743 -0.710 -0.668
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