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Abstract

Brown dwarfs can serve as both clocks and chemical tracers of the evolutionary history of the Milky Way doe (o
their continuous cooling and high sensitivity of spectra o composilion. We focus on brown dwards in globular
clusters that host some of the oldest coeval populations in the galaxy. Currently, no brown dwafs i globular
clusiers have been confirmed, but they are expected 1o be uncovered with advanced observational faciliGes such ns
the James Webb Space Telescope (FWST). In this paper we present a new set of siellar models specifically
designed to investigale low-mass stars and brown dwarls in w Centauri—the largest known globular cluster. The
parameters of our models wére denved from merstive fits to Hubble Space Telescope photometry of the main-
sequence members of the cluster. Despite the complex distribution of abundances and the presence of muliple
main sequences in o Centaun, we find that the modal color—magnitide distnbution can be represented by o single
stellar population with parameters determined in this stodyv. The observed luminosity function is well represented
by two distinet stellar populations having solar and enhanced helivm mass fractions and a common initial mass
function, in agreement with previows studies. Our analysis confirms that the sbundances of individual chemical
elements play a key role in determining the physical properties of low-mass cluster members. We wse our models
o draw predictions of brown dwarf colors and magnitudes in anticipated I'WST NIRCam data. confirming that the
bieginning of the substellar sequence should be detected in w Centann in forthcoming observations.

Unifted Astrongmy Thesawrus concepis: Brown dwarfs (185): Globular st clusters (656); Stellar atmospheres
(1584); Galactic archasology (2178)

Supporting moterial: data behind figures

1. Introduction

Over 1/6 (Kirkparrick et al. 2021, 2012) of the local stellar
population consists of brown dwarfs—substellar objects with
masses below the threshold for spstained hydrogen fusion
(= 0,07 M. for solar compesition, Kumar 1962, 1963; Hayashi
& Nakano 1963: Chabrier & Baraffe 1997). In contrast @
hydrogen-buming stars, brown dwarfs do not establish enerzy
equilibnum and begin cooling continuously shortly  afier
formation, gradually decreasing in effective temperature and
luminosity. The charactenstically low effective emperatures of
such ohjects (T.y = 3000 K) allow complex molecular chem-
istry o fake place in their atmospheres, which evolves
throughout the cooling process as compounds with Jower
dissociation energy form. At sufficiently low temperatires,
species condense into liguid and solid forms, forming clouds of
varions compositions (Lunine et al. 1986; Tsuji et al. 1996;
Marley et al. 2002). The resuling sensitivity of spectra (o
elemental abundances and age (through cooling) imply that
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brown dwarfs have the potential w be used as chemical fracers
fior studies of galactic populations and the Milky Way at large
(Burgasser 200%; Birky et al. 2020), Furthermore, the unusual
phiysical conditions characteristic of brown dwarfs, ncloding
their low effective tempersires, high densities (Hatzes &
Fager 2015), and pamially degenerate, fully convective
interiors (Copeland et al. 1970: Burrows & Liebert 1993)
provide empincal tests for studies of maller n extreme
conditions (Hubbard et al. 1997; Hayes et al. 2020), cloud
formation in exoplanetary atmospheres (Kreidberg et al. 2014:
Faherty et al. 2006), and even searches for physics beyond the
standard model (Suliza et al. 2021},

Unformenately, the faint luminosities and low lemperatires af
brown dwarfs make these objects challenging to observe, with
the first reliable discoveres made only in the mid-1990s
(Makajima et al. 1993; Rebolo et al. 1995; Basr et al. 1996).
While hundreds of brown dwarfs have since been identified. the
difficulty of therr detecnion has largely limited the known
population to the closest and youngest brown dwarfs i the
Milky Way. This hmitation poses two major problems. First,
current research has been focused on sowrces with near-solar
metallicities and chemical compositions that are not represen-
totive of the early evolutionary history of the Milky Way.
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Second, most of the evodved brown dwarfs cumently known are
isolated objects in the Geld that lack secondary indicators of
their ongins and physical properties, such as clusier member-
ship or binary associalion. The theoretical challenges asso-
cuated with modeling complex atmosphenc chemistry and other
low-temperature  phenomena inhibit our ability 1o measure
these physical properties accurately.

The populition of brown dwarfs in globular clusters of the
Milky Way addresses both of these problems. A typical
globular cluster contains tens of thousands of individually
observable coeval members with similar ages and chemical
compositions that can be photometrcally inferred from the
color—mugnitude  dizgram (CMD) of the popuelation (Beas-
ley 20200, The large masses of globular clusters allow their
members to withstand tidal disruptions over extended penods
of ume, making these clusters some of the oldest coherent
populations in the Milky Way (= 10 Gyr;limenez 199%;
Marin-Franch et al. 2009} In general, the long lifespans of
globular clusters allow for extensive dvnamical evolulion:
these gravitationally bound  stellar  systems  tend  toward
thermodynamic equilibrium and energy equipartition, resulting
in preferential segregation of members by mass and ejection of
the lowest mass stars and brown dwarfs (Fall & Rees 1977;
Gnedin & Ostriker 1997; Meylan & Heggie 1997; Fall &
Fhang 2001). However, this effect is noticeably suppressed in
the outer regions of globular clusters (Wishniac 1978; Trenti &
van der Marel 2003), whose relaxation tmes often exceed the
age of the cluster (Hams 1996) due o increased distances
between the stars (Spitzer 1987, Chapter 2). These regions
therefore  preserve ther pomordial mass function and the
mixing ratio between subpopulations within the cluster (Richer
et al. 1991; Vesperini et al. 2013; Bianchini et al. 2019).

Unlike field stars in the solar neighborhood. globular cluster
members display chemical abundances chamacteristic of the
eardy, metal-poor phases of the Milky Way's formation.
Globular clusters are thus unique laboratores for studyving
brown dwarfs with nonsolar abundances and old ages—
parameters that can be independently constrained from the
overall cluster population. In tum, the sbundance and cooling
behavior of brown dwarfs make them potential mstruments for
refining the ages of host globular clusters (Coiazeo et al
2007, 2019; Burgasser W), in analogy 1o the use of brown
dwarfs in age dating young open clusters (Stauffer et al. 1998;
Martin et al. 200 8). Brown dwarfs thus provide a link between
isubjtellar evolution, galaxy formation and evolution, and
cosmology (e.g., Valcan et al. 2020).

The large distonces to globular clusters and the faim
luminosities of brown dwarfs have so far prevented the
unambiguous detection of this distinct populaton. Existing
deep photometric observations of Milky Way slobular clusters,
made primarly with instruments on the Hubble Space
Telescope (HST), have reached the faint end of the man
sequence (Bedin et al. 2000 ; Richer et al. 2006) and motvated
dedicated searches for brown dwarfs m the nearest systenis
(Dieball et al. 2006, 2019), although results from the Tamer
remain ambiguous. The upcoming generation of larpe sround
and space-based observatones, such as the James Webb Space
Telescope (JWST), the Thimy Meter Telescope, the Giant
Magellan Telescope, and the Extremely Larpe Telescope, are
expected 1o change this stwation 10 the next few years (Bedin
et al. 2021; Caiazro et al. 2021). The promise of chservational
dota  for  globuwlar  cluster brown  dwarfs  necessiiates
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development of o theoretical framework for characterizng
these sources, i partcular evolutionory tracks and model
atmospheres  across the brown dwarf lmit for  nonsolar
ghundances.

In this work, we evaluate current HST data and make
predictions for forthcoming JWST data for one of the most
well-stodied slobular clusters in the Milky Way: w Centauri
(Halley 1715; Dunlop 1828). This system is the largest Known
globular cluster (4 x 10°M ., 107 members; Giersz & Heg-
gie 2003 D'Sowen & Rix 2003) and it dynumics fall far short
of complete energy equipartition, a8 confirmed by direct
measurements of the velocity distribution (Anderson & van
der Marel 2000) and constraints on mass  segregation
(Anderson 2002), Cur analysis is based on a sample located
at 3 half-light radin away from the closter cemter where the
relaxation time reaches ~ 4 » 10" Gyr (van de Ven et al.
006}, indicating a nearly pristing primordial population of
brown dwarfs and low-mass stars.

wCentaun possesses two distinet populations. wentified in o
bifurcation of its optical man sequence mte Mwe and red
sequences (Anderson 1997; Bedin et al. 2004). Away from the
center of the clusier, the red sequence of wCentaun s the
dominant population with over twice as many members as
compared to the blue sequence (Belling et al. 2000). Since
metal-rich stars generally appear redder than theirr metal-poor
counterparts due o heavier metal line blanketing at shon
wavelengths (Code 1939), a top-heavy metallicity distribution
in w! Cenmtaun is naively expected. However, this expectation is
ot odds with eardier spectroscopy of ndividoal bright stars (eg..
MNorrs & Da Costa 1995) that indicated a bottom-heavy
disinbution  in  metallicity among  cluster members. By
vompanng the observed bifurcation to model isochrones, Bedin
et al. (2004) determined that the CMD s unlikely o be
explained by the spread in metallicity alone, nor by a
background object with different chemistry. It was forther
suggested that the blue sequence may have a higher metallicity
than the red sequence if it 15 significantly helivm enhanced,
with a helium mass fraction (F) in excess of 0.3 {(Bedin et al.
2004). Higher helium content increases the mean molecular
werght in stellar intenors, producing hotter and blver stars for
identical masses and ages.

Subsequent gquantitative analysis m Noms (2004) found the
helium mass fraction discrepancy between the sequences W be
A¥Y~012. A follow-up spectroscopic study of adentified
members of red and blue sequences in Piotto et al. (2005)
confirmed that the metallbicity of blue sequence  members
indeed exceeds that of red sequence members by ~ 0.3 dex.
strongly favoring the helivm enhancement hypothesis. Con-
sistent with all aforementioned resolis, King et al. (2012)
calculated the heliom mass fraction of the blue sequence as
¥F=0.139 4 0,02, which remains the most accurate estimale (o
date (an snalysis in Latour et al. 2021 based on a different
selection of sequence members and a  different set of
evolutionary models sugeests that this value may be over-
estimated by Z0.05). The origin of such extraordinarily high
helivm content remains onder debate (Timmes et al 1995:
Morris 2004; Renzini 2008).

An additional noteworthy aspect of w Centauri members is
the scatter in stellor metalliciies within each of the wo
sequences, Which 15 fardy wide compared o other globular
clusters (Johnson et al. 2009: Bellini et al. 201 7c). This scatier
sugpests that w Centauri may be the nuclews of a nearby dwarf
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galaxy accreted by the Milky Way; or it may be a svsiem
intermediate in scale beiween o dwarfl galaxy and a globualar
cluster (Hughes & Wallerstein 2000; Momis et al. 2014,
Johnson et al. 2020). Indeed, recent work employing altraviolet
and infrared photometry and benefiting from the enlarged color
baselines was able to show that the red and blue sequences are
each composed of multiple stellar subgroups, totaling wp o 15
distinet subpopulations (Bellini et al. 20017c).

In this swdy. we calculate new interior and aimosphere
models for ages and nonsolar chemical composioons appro-
priate for the members of wCentaon. By comparing synthetic
color—magnitude diagrams (CMDs) inferred from those models
o new HST ic ohservations of the low-mass main
sequence (= 0.5 M. ), we determing best-fit physical properties
of the cluster and calibrate for interstellar reddening. Finally,
we extend our models mio the subsiellar regime 0 make
predictions of expectad colors, magmivdes, and color—magni-
tude space densiies of brown dwarfs in w Centaur down o
effective temperatures of Toy= 100 K. Section 2 provides an
overview of our approach to modeling the wCentaun stellar
and substellar population. Section 3 describes how synthetic
wochrmones for the members of wCentaun were calculated,
including our choices of specific cluster properties such as are
and metalhciry. We also bnefly examing the role of atmos-
phere-imterior coupling in our evolutionary models ind discuss
the relation of atmospheric and core lithiom  abundance
predicted by our framework. Section 4 describes our astro-
photometric observations of wCentawri with HST. Section 5
presents our method of comparing the isochrones against our
photometry, and corresponding constraints on the  best-fil
physical parameters. Section & provides predictions of the
ohservable properties of brown dwarfs in the cluster in the
context of future TWST observapons. Section 7 summanizes
our results. Appendix A describes the parameters of evolu-
tonary models caledlated in this stodv. Appendix B lists oor
choices of standand solar abundances. Finally, Appendix C
provides a description of the HST data set for w Centaun used
it this study that is included a8 an associated data set

2, Owerview of Methodology

For the modeling purposes of this study. we define a stellar
population as a group of stars and brown dwarfs with identical
age, mnitial chemical composition, and distance from the Sun.
While allowing for muliple coexisung popolations  in
w Centaun, we require all of them o be drawn from the same
initial mass function (IMF), The reality of a continnous, rather
than discrete, distnbution of chemical abundonces among the
members of the cluster s panly sccoumed for by allowing
statistical scatter in the color—magminde space (see Section 5).
Potential variations in age are briefly considered in Section 6.

Ouir first step was o determine the best-fitting isochrone o
our optical and near-infrared HST observations of w Centaun
(see Section 4) thal capture most of the main sequence bul are
ool sensiive enough o reach the substellar regime. The
multiplicity of populations in wCentauri necessitated an
approximate categorization of the cluster as a whole due w
the extreme computational demand associated with calcolating
complete grds of model atmospheres and imenors for multiple
sets of chemical abondanees. We therefore made no attempdt
mode] the observed blue and red sequences separately; instead,
we sought o model the modal color-magnitude trend of the
entire cluster. Due w0 the narrow color separation between the
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two sequences along the stellar mam sequence (Milone et al.
2017y, we expect the modal trend to predict the colors and
magnitudes of brown dwarfs in wCentaun for  both
populations.

We started with an imtial estimate of chemical sbundances
based on photometric and spectroscopic analysis of bright
members i the hierature (Manno et al. 2002). The helium
abundance was set o the value comesponding to the bloe
sequence of the closter from King et al (2012). As will be
demonstrated shorly. the enhonced helivm mass fraction in
combination with freely varying metal abundances resulis in a
population that provides a satisfactory approximation of the
modal color-magnitude trend for borh red and blue sequences.
On the other hand, we found the mass—luminosity relation of
the cluster to be far more sensitive o the helium mass fraction
such that no modal population could be obained that would
adequately fit the mass—luminosity relitions of both red and
blue sequences (see Section 5). We therefore chose w0 adopt o
distinct mass—luminesity relution for the red sequence from the
literature (Dower et al. 2008) and focus our new calculations on
the helium abundince of the blue sequence. This choce was
made for two ressons: first, due o the scarcity of helium-
enhanced stellar models n the terare, and second. because
higher helium content generally results in higher luminosites
fior the largest mass brown dwarfs (e.g.. compare models B and
G in Bumows et al. 1989; see also Burrows & Lichert 1993:
Burrows et al, 2011: Spiegel et al. 2001). The latter effect
makes heliwm-enriched brown dwarfs more  likely o0 be
detected in future magnitude-limited surveys.

We refer o the population based on this imitial set of
ghundances as the nomina! population of the cluster. A
symthetic isochrone was caleolated and compared o existing
photomeiry. and the chemical abundances of the nominal
population (with the exception of heliom) were perturbed
iteralively until a best quantitative G0 to the modal color—
magnitude trend of the cluster was obtained. We refer to all
perurbed populations as secondary popafotions. In line with
our simplified model, we assumed that the entire CMD of the
cluster could be described with one modal population, with an
empincally detenmined scatter wsed to account for other
subpopulations, multiple star  svitems. and  measurement
unceriainty.

Mext, we sought o reprodoce the observed present-day
luminosity function (LF) of the clusier by combining the mass—
luminosity relation of the best-filting isochrone with the
commenly used broken power-law IMF {e.g.. Kroupa 2001:
Sollima et al. 2007; Conroy & van Dokkum 2012; Hénault-
Brunet et al. 2020). As explained above, we adopted an
additional solawr heliom mass—luminosity  relation from  the
literature (Dotter e1 al. 2008) and added the contributions of
both populations together in the LF using a population mixing
ratio oplimized through fitting. As demonsirated in Section 5, o
reasonably good match o the observed LF can be obtained
with a simple two-component IMF and two stellar populations.
Finally, the isochrone of the calculated besi-fit population and
the determined IMF were extended into the substellar regime to
mitke  predictions for the colors ond magniudes of brown
dwarfs expected to be identified by TWST,

The isochrones and mass—luminosity relations for the
npminal and secondary populitions were caloulated from
comesponding  grids of newly computed model ammospherss
and interiors. Simultaneous coupled modeling of atmospheres
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Tahle 1

Properties of Nominal Poputatson
Parameter Value
Metalhicary [3,/H| -1.7 e owver sodar
Carbon shundance 1C M) —.6% dex over solar
Mabrepgen dbundance [ M) 1.45 dex over solar
Oxvpen shundance [/ h —ir1 dex over solar
Age 135 Giyr
Heloiem miss Dracisom ¥ n4
Aumasphere lithiem L M) -3 dex over solar

and ntenors is challenging, as the substantinl difference in
physical conditions between the two requires distinet numerical
approaches tvpically implemented in independent software
packages. In addition, atmosphere modeling ends o be onders
of magnitude more computationally demanding. largely due to
the complex molecular chemistry and opacity present at low
emperatures. For these reasons, we [ollowed the standard
approach (Baraffe et al. 1997; Choi et al. 2016) in which a grid
of model atmospheres is precompated, covenng the regons of
the parameter space the stars are expected to encounter dunng
their evolution. To assure thet the size of the model grd was
computationally feasible, we resincted the number of degrees
of freedom the are allowed to vary from dtmosphers (o
nimosphere within the same populstion. The atmosphers gnd
for each population has. been calenlated over a range of
effective lemperalures (Tyy) and surface gravities (log (z))
encompassing the evolutionary states of low-mass stars and
brown dwarfs, while all other parameters were assumed fixed
across the population (eg., elemental abundances, age) or
derivable from the grd parameters (eg., stellar mdins). A
synthetic spectrum was calculated for each model atmosphere
in the grid, which could be subsequently converted Lo synthetic
photometry for instruments of inlerest.

A Isochrones
1. Inmtial Parameiers

The parameters adopeed for the nominal population are listed
in Table 1. All abundonces are given with respect o their
stindard solar values summarized in Appendix B.

The abundances of carboa ([C/M]L. nitrogen ([N/M]) and
oxygen ([O/M]) were selected 1o approximate the modes of the
distnibutions inferred from individual spectrmoscopy of 77 bright
(103 < < 12.7) cluster members from Marno e al. (2012)
These distnbutions are shown in Figure |, Contrary to carbon
and nitrogen, oxygen abundance lacks a well-defined modal
peak and appears to vary in the mange —0.1 = [O/M] = (L6, For
the nomunal population, we chose the lower bound of the
oxygen distribution in the figure since the data from Maring
et al. (2012) suggest a comelation between [C/M] and [O/M],
with the debigsed Pearson coefficient of 0,72 £ 0.03; and an
anticorme lation between [N/M] and [O/M] with the coefficient
of —0.61£0.04. The lower bound on [O/M] is therefore
consistent with the modal peaks in [C/M] and [N/M] that
appear o fall close to the low and high bounds of ther
corresponding  distributions, mespectively. We note that the
choices made for the nominal population ane less important, as
a sccondary population will be vsed in the final analysis that
best fits the data.

Cierasamon el al.
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Figure 1. Draribuison of messoned elemental abuadances from mdivedual
specimseopy of 77 bright members of o Centaon from Marioo et al. (2002).
The vertwal dashed lmes represent the vabues adopted 10 thes study for the
nominal population us per Table 1. The shaded srea represents the range of
oxygen almdanoes consudered in secomdary populstieias as per Table 2

For every population, two seis of elemental abundances must
be chosen: one for the zero age pre-main-sequence star (PMS).
which will be used in evolutionary interior models, and one for
the comesponding grid of model atmospheres. Tdeally, the later
sel must be informed by the final stages of fully evolved stars
caleulated using the former sel. Unforunately, this approach is
not compatible with our method, i which the gnd of model
atmospheres s computed before the evolutionary models,
necessitating an approximate weatment, With the exception of
lithium, we assumed that the final atmosphenc abundances
mutch the initial PMS abundonces, since any changes in
composition induced by core nuclear fusion are expected o be
insignificant o low masses. while models of ligher mass
{H;-; 0.3 M) develop intenior radiative #ones that preserve PMS
abundances in the outer layvers. Owr caleulated evolutionary
models (1o be descobed below ) affiom this choice, with changes
in abundances other than Li between the PMS and the surface
of the fully evolved star never exceeding ~ 0.1 dex. On the
other hand, the vanation in lithivm abundance in both the core
and the atmosphere is significant, as shown i Figure 2.
Armmospheric lithivm is slmost entirely consumed  through
proton capture for all but the smallest mass (insufficient central
temperiture for Li fusion) and the largest mass (formation of o
radiative zone) models. Due o the minimal effect of lithium
shundance on the stellar spectrum (and even more so_ synthetic
photometry), we chose to ignore the minonty of masses where
Li iz mot depleted and assumed an abundance of [Lif
M] = ~310 for all model atmospheres (but not for PMS in
evolutionary  models). This choice  effectively  eliminates
lithiwm from the spectra.

The overall metallicity of the nominal population was chosen
following Milone et al. (20175, who Gt model isochrones onto
wCentauri photometry acquired with the HST Wide Field
Channel of the Advanced Camera for Surveys (ACS 'WFC:
Byon 2009) and the Infrared channel of the Wide Field Camera
3 (WFC3/IR; Dressel 2012). While the sochrones in Milone
el al. (2017) do not account for nonsolar CHNO abundances,
they were consistent with observations and thus provide
safisfactory  starting parameters. OF the stellar populations
identified in Milone et al. (2017), we specifically focused on
the metal-poor side ([Fe/H] = [M/H] £ - 1.7) of the helium-
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Figure 2. Depletion of lthiom in the core and the amesphere @ g function of
sietlar mass for the #40 weondary population (see Tahle Ip over 135 Gyr.
All models ane initalueed with a sobar sthnim shundance (see Appendiz B)
the PS5 phase. Anpospherse [theiemn 15 not deplieted a1 Méﬂ.ﬂﬁﬁ M-, die o
msuiliciently high temperatunes for fuson, and 2 M 2 0.5 M- due w the early
formabion of & radabve mode et freecer the surface  abundance. Al
mtermediate masses, Eiuiom s depleted by proton capluse in the core, which
v propagated o the smosphere via conveclive miximg. Al mosies
above = 0LO7 M., race amounds of Hihiom are slso poduced by moompleie
proten-prston chains. For masses below = (03 M. oo rdistive 2one exists and
tithsum abundanees are mearly squally depleted thooaghow the star. A rdiative
fome torms belwégen (L3 and 04 M whene the atnsesphiens shaodance first
e reases companed 1o core due 1o Lite Formation of the radanve 2one and then
increases due to cardy formation, A Lute rsdialive sone allows hiflhaum depletaon
by prows coplune o propagite mi tbe envelope but prevents diffusson of
bithium enhancerment from the probon-protiom chem.

rch (¥ = 0.4) M5-I1 population that comesponds (o the bloe
sequence in Bedin et al. (2004). We set the lowest metallicity i
the guoted range of MS-I1 as the imitial guess for the nominal
population, and allowed it o increase up o [M/H] = —1.4 in
the secondary populations. 'We fixed the helivm mass fraction
o ¥Y=04 for both nominal and secondary populations in
sccordance with both King et al. (2002) and Milone et al
(201 7).

Milone et ol (2017} chose an sochrone aze of 135 Gyr,
which we wsed in this mvestipation as well. The exact age of
the cluster has hite effect on the main sequence, which justifies
using a single upper limit for the sochrone fiting regardless of
the known variation in ages of mdividual members by a few
gignyears (Marno et al. 2012y In contrast, brown dwarfs
continuously evolve across the colo—mamitude space, so our
predicions  were  calculated for both 10 and 135 Gyr
(Section &),

Due o the multitude of populations in wCentauri and the
inevitable bias in abundances inferred by individual stellar
spectroscopy, we perturhed the aforementioned parameters o
pencrale five sels of models for secondary populations, whose
sbundances are listed in Table 2. The perurbations were
applied teratively until the best fit to the observed population
was achieved (see Section 5). All properties that are not
mentioned in the table are ientical w the nommal population.

1.2 Model Afmospheres

We calculate all model amospheres with Ty 4000 K
using a custom setup based on a branch of version 155 of the
FPHOENIX code (Hooschildt et al. 1997). Molecular lines
considersd in the calewlation are listed in Table 3. Our
modeling framework includes the formation of condensate
clouds m the atmosphere and their depletion by gravitational
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Table 2
Properies of Secondary Populateons
Popidation [(O/M] e/ M)* |8 H]
LMHEC (Low Mefal High Oxygen) LLE:] LILE] -1.7
HMET {High METal] LLE] [LEH -14
HHC {Hegh Metal Medinm Cxygen| 4 LLEH -14
Hpedh [High Metal Medinm iipha) [LEi] (L -14
HMHA (Hegh Metal High Adpha) A L& —1.4

Nate.
* [ M) reders to the enhancement of o-elements, which include O Ne, Mg,
5. 85, Ar, Ca, and Ti

Tahle 3
Muobecular Lines Included in Our PECENIYE Setup

Rl Molecules = ol himes
i1 HOD 413 « 0P
2 Ha0 508 w 10°
(31 CC, CN.CH, NH. OH. S« SiH. Hy 57 = 10"
1 Coy 4= i0°
(51 NH, a7 x 10"
{6 &0 YO 267 = 10"
M o 134 = 10°
18] CaHa, CoH,, C:Ha COF.. CHOH, CHLD. Na, N2O, i3« 10®

WOy, MO, NHa, OCS, On, 04, 50, 5Fa, HL HON,

HUOOH, HMGO,, HOCL HOBr, HO ., HOD, HE, HOLL

HEr. H.C0, H.0,, H.O, H,%
9 COs OH, PH: 102 = 1w
(lm N 22w 10
iy CH, PR (1
(12) -Hy G R i
{13) CrH, FeH, TiH 301 = 10*
4y MgH 538 x 0
{151 CaH, TiH. YO 146 x 10
{16y CH, 303 = WP

Mate. (1) AMES water (Pannidge & Schwenke 1997, {2) BT waler {Barber
ol al 2006), (3] Komee CD-ROM #1585 (Komoc: 1995), (4) CDSD {Carbon
Dmile Spectomcopic Datsbank: Tashkun & Perevalow 2001, (51 Sharp &
Burrdvs (20007, (b} Ferguson et sl (2008), (T) Gooarech (1994), (Bj
HITELANZ004 {Rothman et al. 20605, (9 HITRANJO0E (Rothman et ad. 2006,
{10) Jorgensen & Lareoon {19690), (11 ) Brown (2005), (12) Meale & Tennyson
{1995, {13) MoLLIST (Bernah 20201, (14) Weck et al. {2003). {15) boes
mdeniied from MARCS almospheres {Plex M8, (16) methane Hoes penerabed
using STDS (Sphencd Top Data System; Wengps & Champeon [998) m
Hometer e al (2003)

sentling according o the Allasd-Homeier cloud formation
model (Helling et al. 2008; Allard et al. 2002). A1
Tep= 300K we used the clowdy mode described in
Germsimov et al. (2020). For optimization purposes, a shghtly
simplified dusty mode 15 uwsed at Ty 2 3000 K, which differs in
its coarser strtification (128 spherically symmetnic layvers
inslead of 250), disabled gravitational settling., and fewer
spectral features included in the calculation. It was verified that
the trumsition between the two modes does nol introduce
notceable discontinuities in the derived bolometric cormections
and the difference between cloudy and dusty spectra anb the
lransition lemperalure is ingignificant. All PHOENIX models
were coloolated st wavelengths from 1A © I mm with a
median  resolution  of  A/AA= 18250 in  the range
Odpm= A<26pum and a lower resolution of ~8000
elsewhere,
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14 4 Fliow w HMHA: clouds off
127 sasy Flrﬂ:':::-.-.':e F322W2 i
164 FE1AW ’ Nominal

BT-5ett| [M/H]=0

Flux density [10% erg s~ cm™® A77]
oo

Wavelength [um]

Figure 1. Synthelic spectra of selected low-lempentioe model simospheres calculsted o this study. Shown here ane the T = 14K log (] = 5.0 atmospheres from
the nominsl population (Table 1) and tee 2R population (Table 23 Both spectra demonstrate prominent molecuker features, some of which are mdscated with black
bars (CLA H: represents the band of collisma-mduced abdorplen by molecular hydiogen). A EMEA spectium with sdentical pasameters bid cabeudated n the dusty
moude im0 provitational sembing] & shown for comparism. The cormespomding syithetic spectrum for a moidel of swodor metallbcity from the 8T-Sece 1 by s also
shown Magenta bars delmeate 20% ransmision bounds of HST ACS /'WEFC FE14W and Fa O£ bunds; HST WEFC3 /IR E110W and £16 08 bands; and JWST
NIRCam E1S0WZ and F322K2 bands. For clanty, ibe specira are shown alter convalution with a 3 mn wade Gaussian kemel

Al Ty =4000K, the effects of both condensates and
molecular opacities become subdominant. allowing us o
replace FHOENIX with the much faster and simpler ATLAS
code version 9 (Korwcz 1970 Shordone et al 2004
Castelli 2005; Kurucz 2014). As opposed to PHOENLX, our
ATLAS semp stralifies the aimosphere into 72 plane-parallel
layers covenng the range of optical depths from = 100 w
~ 1077, Instead of direct opacity sumpling, ATLAS relies on
precomputed  opacity distnbution  functions  (ODFs;  Car-
bon 1984). Convection 15 modeled psing mixing length theory
(Bihm-Vitense 1958, Smalley 2005) with no overshool
Modeled line opacities include ~ 43 = 107 atomic ransitions
of varous ionization stages and ~ 123 » 10° molecular transi-
tions including titanium oxide lines from Schwenke (1998) and
walter lines from Partridge & Schwenke (1997). We use satelline
uilities DFSYNTHE amd SYNTHE shipped with the main
ATLAS code to compute a custom sel of ODFs for the
abundinees of interest {one set for each considerad population))
and derive high-resolution synthetic spectra from the caleulated
models, respectively. The calcolated ODFs account for flux
from ~ 10 nm 0 160 pm 1o ensure comect evaluation of energy
equilibium through the atmosphere. On the other hand, our
synihetic spectra span a narrower range of wavelengths from
0142 pm, accommodating all instrument bands considered m
this study. All SYNTHE spectra are calculated at the resolution
of A/AX=6 x 107

A few exomples of caleulated low-tempemture models are
plotted in Figore 3. Compared o their solar metallicity
counterparts, the spectra of metal-poor brown dwacfs are
characterized by weaker molecular absorption (e.g., 3.5 um
methane band), more prominent collision-mduced Hz absorp-
tion originating from desper layers of the aimosphere, and
extreme pressure broadening of alkali metal hines (eg., K1
resomant ling ot 077 pm). Synthetic spectra computed under
our setup have previously demonstrated good comespondence
with observations of candidate metal-poor brown dwarfs in the
field (Schneider et al. 2020). All caleulated model atmospheres
are publicly available in our online repository. "

i hnp:/ Stk ucsdiedu tp=atlas

A typical PHOENIX model i the cloudy mode requires
~150 CPU hr to converge on the Comet clusier ol the San
Diego Supercompater Center made available o us through the
XSEDE program (Towns et al. 2004). Dusty models wene a
factor of 2 or 3 faster o cornpute, while ATLAS models only
ookl approximately | CPU br each.

1.3 Atmosphere-interior Coupling

We nsed the MESA code (Modules for Expeniments in Stelflar
Asmophysics; Paxton et al. 20011) for all  evoluionary
calcolations. At zero age, a MESA model 5 spawned as o
PMS with a given ol mass and uniform  elemenial
abundances. The mital structure 15 determined by assuming o
fixed central emperature well below the nuclear burning humit
{in our case, 5 x 10° K: Chaoi et al. 2016) and searching for a
solution to the structure equations that reproduces the desired
miass of the star. From here, evolulion proceeds in dynamically
determined time steps until the age of the model reaches the
turget age. On each step, the stucture equations are solved
using the atmospheric temperature and pressure as boundary
conditions. Both can in principle be estimated from the current
surface gravity and effective temperature of the mode] using an
appropriate model stmosphere. 1t 15 those boundary conditions
that establish the coupling between internors and atmospheres.
Onee the interior structure of the star is known, the model can
be advanced to the next ume step by compounding expected
changes  due o diffusion, gravitaional  setthng,  nuclear
reactions. mechanical expansion, and other time-dependent
]JlTJI:E!-HE‘_'-.

Our MESA configuration is derived from Chot et al. (2016)
with a number of key differences cutlined in detail in
Appendix A. When handling atmosphere-intenor coupling,
MESA 15 able to estimaste boundary conditions either by
drawing them from a precompuied able at a given optical
depth or at mun tme wsing one of 8 vanety of methods relving
om simplifying assumptions such as gray atmosphere. The latter
option s unlikely o be socurate at low effective emperatures
where molecular opacities and clowds dominste the spectrum.
The low-mass MEZA setup emploved by Choi er al (2016}
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Figure 4. Comparson of three ddfersnl sets of atmosphere-interor couplung
oindary condution tables considened in this study at the sorface gravity of
g (gl = 60 and metallicay of [M/H]= —1.7. HexcSen (dashed lmne)
refers o the THOENIX gnd from Allerd et al (20060 amd Howschaldr o of.
{1994, which excludes gravitmwnal sending in the amospbere as well ==
enhancements of mdvsdoal elements. MTET {dashed-dolied hnei relers 1o the
ATLAS ademved tables ased i Chor ef al. (2006). The oetosr couphing (sohd
b ¢ based on sewly cakculated PROENIXY models ab low Ty and ATLAS
models al high T and includes ndividual elemental enhoncenens of the
newinal popitlation {Table 1) m addition o the metalbicay scaling o deseribed
in bexl. Pressire & shown in OGS umits of barve (1 Ba = 1 dyn em™ 7).

relies on boundary condition tables calculmed at = 100 for a
wide range of effective tempersures, surface grovites, and
metallicities. However, the accuracy of the tables at
To 3500 K is questionable, as they were derived from
ATLAS atmospheres that fail w0 account for significant low-
iemperafure  effects such a5 condensation and  molecular
feaiures.

In this study, we compared four different approaches 1o
almosphere-interior coupling:

|. Run-time  caleulation assuming gray atmosphere and
drawing temperature and pressure at 7= 2/3;

2 7= 100 tables from Choi et al. (2016) at the o Centauri
metallicity, but not accounting for individual elemental
enhancements or low-temperature  atmosphenc effects
absent in ATLAS atmospheres;

3. Custom += 100 tables drawn from HextGen, a publicly
avallable PHOENIY prd (Haoschildr et al. 1999 Allard
et al. 2000} without condensates or gravitatiomal senlmg.
The grid covers the wCentaon metallicity, but not the
individual elemental enhancements; and

4. Custom 7= 100 tables drawn from otr own atmosphere
gnds  descobed above based on ATLAS at high
temperatures and PHCENIX ot low temperatures, includ-
g condensation and sravitatonal setling. The grds
include ol individual elemental enhancements for each of
the considered populations.

The grids of mode] atmospheres caleulated in this study span
surface gravities rom log, (g} = 4-6. Atearly ages (= 2 Myr),
stars amd brown dwarfs may briefly experience surface gravities
under log, (g} = 4, fulling ouwtside of the calculsed atmos-
phere grid. In such instances, the boundary conditions from
Choi et al. (2016) were psed instead. By applying mandom
perturbations 1o those low-gravity boundary conditions, we
estublished that their accuracy has a negligible effect on the
final results.

The temperature and pressure at = 100 for the whular
options are ploted as functions of effective emperature in
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Figure 5. Effect of the chowe af approach 10 almsphere-inbanor coupling on
synthelic photometry. The corves represent expecied absolute magniudes of
the noainal populson (see Table 1) as a fiecthon of effective lemperitune 10
wwo of the HST ACS "WEFC bands: FE14W (solid lines) amd FE0EW (dashed
lime=), without mtersteflar extinctson. The coupling schemes with pre-tabolated
hoimndary conditims {Bouml. Con_ ) are ideatical o those m Figore 4. The gray
atmosphere couphing scheoe ol - = 23w shown for comparson, which is the
defanlt scheme m MESA

Figure 4 at log,,(g) = 6.0, The effect of the chosen boundary
conditions on synthetic photometry (descnbed below) is chown
in Figure 5. Both figures demonstrate good agreement between
approsches ot high effective temperatures, and increasing
deviation at lower emperatures where atmosphere-intenior
wvoupling becomes important. The final set of intenor models in
our analysis use custom 7= 100 tbles based on our own
model atmospheres, which we believe (o offer the highest
accuracy. The companson of different sets of boundary
conditions is presented here to emphasize the importance of
atmosphere-interior coopling and w demonsiate how signifi-
canl changes in metallicity and elemental enhancements could
be mimicked by inaccurate boundary conditions.

3.4, Svnthetic Photometry

Synthetic photometry  of each modeled population  of
wCentauri was computed by first evaluating the bolometric
comections of each bandposs of interest for each of the
caleulated model atmospheres. The bolometric correction s
defined s

BC, =M, — M, =M, + Z.frl-uglu[%]. (1)

x

where x 15 a given bandpass. BC, is the bolometric correction
for x between the absolute bolometric magnitude M, and the
ghsolute magnitude in band x, M., F, is the total flux of the
model through bandpass x and F) is the total flux of the
reference object through bandpass x. 'We used the VEGAMAG
system for all comparisons o HST data and the ABMAG system
for JWST predictions. For VEGAMAG, we used the apparent
spectrum of Vega in Bohlin & Gilliland (2004} as owr
reference.. For ABMAGC, the reference spectrum % defined to
be a constant fux density per unit frequency of == 3631 1y agall
frequencies (Oke & Gunn [983). Both F, and .Fl' are mesured
in phofony per unit ime per unil area (Bohlin et al. 2004) since
all instruments of interest are photon counting. F, (but not F))
is taken af the distance of 10pe. By inmoducing the siellar
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radius R we can express F, in terms of surface Qs d:

BC, =M, + 25 iugm[%] + Sllugm[ﬁ} {2)

i

Both & and M, wre dependent on the total luminosity of the
model. L, which cannot be inferred from the model atmosphere
on its own. For our purposes, BC, must be reexpressed in terms
of exclusively atmospheric parameters. The LAL definition of
phsolute bolometne magnitude (Mamajek et al. 200157 is

My = —2.5Tog,o(L/11 WD) + A (3)
with A =71.197425. Substituting in Equation (2):

I T )
BC, =25log f—=~| = 1010 | —F_| + C. 4)
: E"'“[ F;] !’“'[ 1000 K [

where €= — 30 BRBI3R ix a constant evaluated ag

4arer (10 pe)?( 1ODO Kr‘]

5)
W ¥

C=5A - Z.SIﬂg“,[

with o representing the Stefan-Boltsmann constant.

Finally, we rewrite the flux ratio, &, /F), in terms of the
synthetic energy spectrum o, reference energy spectrum f7,
and the dimensionless transmission profile of x x,:

o £k Ah, 3y 107 T )
F! L7 M mdA

In the case of ABMAG magnitudes, f{ must be converted from
constant flux density per unit frequency as

(6)

j’ff..\ﬂ”.l’l.ﬂl = (3631 ]:I"j _:-—1, {T)

where ¢ is the speed of lght. Note that both integrands in
Equation (6} are multiplied by A to express the spectra in
photon counts rather than units of energy. We have also
introduced A —the extincion law n units of magnitude as a
functiom of wavelength A We used the extinclion law from
Fiepatrick & Mussa (2007) parameterized by the optical
interstellar reddening, E(B -~ V) and the total-lo-selective
extincion ratio, Ry=Ay/EF - Vi We assumed R,=3.1
throughout and allowed E(8 — V) 0 be a free parameter, as
described in Secton 5.

For each of the modeled popolations, a synthetic CMD was
constracted by calculiing a gnd of intenor models with initual
masses spanning from the lowest mass covered by the
culeulsted model atmospheres (003 M. for the besi-fin
isochrone) w the highest mass compatible with our atmos-
phere-interior coupling scheme (~ 0.5 M ). At higher masses,
7= 100 lies too deep in the atmosphene, requirng a change in
the reference optical depth (Choi et al. 2016) and potentially
camsig a numencal discontinuty in the calculated results.
Since the upper muss limit of 035M. is sufficient o
accommodate the vast majority of the available HST photo-
melry (see Section 5), we chose W restrict our analysis o this
wpper mass limit, thereby avoiding the complexities of using
multiple atmosphere-interior coupling schemes.

The bolometric corrections in the bands of interest were
calculated as described above for each model atmosphere in the
grid. Due v convergence isspes associted with  clowd
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Figure 6. [sochrones devved for the nomnal popelation of wCentsun 10
optecal {tap panel) and sear-minned (bottom pancl) absolute color-magniude
spaces. The optical mochmne 15 evaluabed For HST ACS "WEFC Gliers, while the
nedr-ridrared wockrone 1 evaluated for HST WHEC3/IR fifters. Red markers
desplay the marial sielbar mosses of selected models along the isochrone in units
of solir muwses. Extinction elfects ane ol mcluded.

formation @ very low effective lemperatures, a few models
with maximum flux errors in mdiative z2ones exceeding 10%
were excluded from the atmosphere model grid. The remaming
erid was then interpolated in effective temperature and surface
gravity to the final surface parameters of each evolutionary
mterior model at the trget age. Finally, the mterpolated
bolometne comections were combined with the bolometric
magmtides of each nterior model w obtain the desined

syathetic photometry.
3.5 Results

Figure 6 shows the calculated isochrone of the nominal
population of w Centauri a5 defined in Table 1, The isochrone is
plotted in the abrofute pre-extinction color-magnitude spaces
defined by the HST ACS/WFC FE0EW and FE14%W optical
bands and the HST WFC3/IR F110W and F180W near-
infraved bands. The isochrone displays a charactenstic inflec-
tion point around ~ 0.3 M., due o the change in the adiabatic
gradient induced by the formation of molecoles in the envelope
(Copeland et al. 1970; Pulone et al. 2003; Cassisi 2011:
Calamida et al. 2015). This feature is particularly valuable in
our fitting process (Section 5), doe o is sensitivity o chemical
abundances and dense coverage by our observations. The near-
mfrared 1sochrone shows a prominent main-sequence knee
at~ Ll M, where the lux in F160W is suppressed by the
onsel of H: collision-indeced absorprion  (Linsky  1965;
Saumon et al. 1994; Saracino et al. 20018}, resulting in bluer
colors at lower masses. This overall shift of peak emission
twward shorer wavelengths has  been  spectroscopically
ohserved in L and T subdwarfs (Burgasser et al. 2003;
Schneider et al. 2020). The hydrogen-buming limit (HBL)
encompasses another reversal of the color—magnitude slope in
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Figure 7. lsochrones (or secondary populstwns bsded in Table 2. Absolute
magmbudes (verbcal anis) are displaved as differences after sublmctng the
absalube magnaode of the nommal papulabon in Figure 6 al the cormespondang
cular. The range of colors dsplayed matches the rnge coversd by the available
HAT duta, even though some of the isochrones have been caleulated al much
redider codors. Black lines pom the poials of equesl ol modees along the
isochrones et are Tabeled in solar nessses. Extincton effects mot nclhsbed. AH
magmaides comespond o HST ACS 'WEC filiers.

both diagrams at a mass of ~ 007 M. (detaled calculation in
Secion 6 yields My = 00609 M. ) As the stellar mass
decreases past the limit, the population cools mpidly mnto the
brown dwarf regime. At optical wavelengths, brown dwarfs of
lower masses appear marginally bloer immediately after the
HEL duwe @ the pressure-broadencd K1 line absorption
centered at 077 pm and extending across in the F81 4% band
(Allard er al. 2007, 2006).

The behavior of secondary populations around the 0.3 M
inflection is shown in Figure 7 as differences o the nominal
iwochrmone i absolute FE14W magnimwde. In general, all
secondary  popalations are brighter thun the nominal one at
identical colors, redder at identical masses, and display a more
proaminent vanation i slope. The effect becomes more
apparent at higher metallicities and o-enhancements, but shows
litle dependence on the oxvgen enhancement alone, suggesiing
that the lack of a well-defined oxygen peak in Figure 1 is not
expected 1o pose difficulties o isochrone filting.

4. Dbservations

To determine the besi-fit sochrone for o Centaun, we
compared each population isochrone o photometric  data
acquired with HST ACS/WFC in the FEO6W and FE14W
bands {programs GO-9444 and GO-10101: PT: King), and HST
WFC3/IR in the F110W and F160W bands (programs GO-
14118 and GO-14662 for WFC3: PL: Bedin). Observations
were carted out inoa 3"« 3 field sitwated -3 half-light radii
(==T") southwest of the cluster center (see field F1 in Figure 1{a)
of Bellini et al. 2008). This is the deepest observed field for
wCentmun for which both optical and near-infrared HST
observations are available.

The primary data reduction followed the procedure described
in Scalco et al, (2021) for two other HST o Centann fields, and
is analogous w methods adopted in numerous previous works
(Bellini et al. 2017a, 2018; Milane et al. 2017; Libralato et al.
2018; Bedin et al. 2009). In boel, positions, fuxes, and
multiple diagnostic quality parameters were extracted using the
point-spread  function (PSF) fiting software package K52
{Anderson & King 2006; Anderson et al. 2008); see Scalco
etal. (2021) and references therein. The photometnc 2er-poing
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Figuire 8. Frope motion-scbected @ero-poriled dilferential reddening -commemciel
photmey of e man seguence of o Centaun. Optical photomelry was
sctjiored with HST ACS /'WFC and nesr-nfrared photometry wath HST
WEFCH IR, Oy unsalurabed stars ane shown for the optical phowmetry. The
nain-seguence bilurcalion can be ssen in both data sets.

onto the VEGAMAG sysiem was determined nsing the approach
of Bedin et al. (2005). The sample was filiered by quality
paramelers o {photometric error), QFIT (corelalion between
pixel values and model PSF). and RADXS (Aux outside the core
in excess of PSF prediction: Bedin et al. 2008: Bellini et al.
2017Ta). as described in Scaleo et al. (2021, Section 4).

We uwsed the relstive proper motions of sources in the
observed region W separate field stars from cluster members.
Proper motions were obtained by comparing the extracted
posiicons  of stars messured . the earthest and  latest
programmes (GO-9444 and GO-14662, respectively), provid-
ing epoch baselines of up o 15 yr. Photometry in each filter
was corrected for systematic photometric offsets following
Bedin et al. (2009). A general comection for differential
reddening was also apphied following the method described in
Bellini et al. (20017h, Section 3).

Mensurement of the LF (Section 5) requires quantification of
source completeness as a function of color and magnitude, for
which we followed the approach described in Bedin et al.
(200%). We generated a total of 2.5 « 10" anificial stars (AS)
with random positions. For each AS, a Fe0&W magnmmude was
drawn from a uniform distnbution. The emoning thres
magnitndes (FE814W, F110W, F160W) were then chosen to
place the AS along the approximate ndgeline of the muin
sequence o vanous color—magmitode spaces. AS were
introduced in each exposure and measured one al a tme o
avoid overcrowding, making the process independent of the
LF. A star was considered recovered when the difference
between the genemted and measured star position was less than
(k1 pixels and the magninde difference was less than 004 mag.
Fimally, the stars were divided o half-magnitode bins and the
photometne  emmors and  completeness  for cach bin were
companed.

The near-infrared and optical CMDs based on our observa-
tions are shown in Figure 8. The full catalog of source
wstrometry, photwometry, membership, ond compleeness is
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provided as an associated data product and descnbed more
fully in Appendix C.

5. Evaluation

With mass—luminosity and  color-magnitude  sequences
computed for multiple populations, we were able 1o determine
the optimal isochrone and IMF by companng the predicuons of
those models o the HST-observed main sequence at optical
and near-infmired wavelengths.

5.1, Bes-fu Isochrone

We adopted a distance modulus of 1360 £+ 0.05 based on the
distenee w0 wCentaur of 5234 4 0011 kpe denved by Solus
et al (2021) from the parallaxes of ~7 x 10" members. The
adopted value is marminally smaller than the distance modulus
of 13.6% derived by Cassisi et al (2009) from isochrone [t to
the CMD.

We soughi an isochrone that s most statistically compatible
with the observed photometry, accounting for the average
spread in the dota introdeced by unmodeled astrophysical and
instrumental phenomena, such as the vanation n abundances
across the cluster, multiple stor sysiems. observational emrors,
efc. First, we developed a likelihood model that predicts the
probabality of finding a cluster member at a given point {(c, v) in
color-magnitude space assuming that the average population is
well deseribed by one of our sochrones:

Pelc, v x f{{mhf’fr. wleg{m, EY. vylm., EVdm. {8}

In thee equation, P{...} s the probability of observing o member
at {c, v assuming that the tree locaton of the star in the color—
magnitude space (including reddening) is (cp, w). Both o and
vy are functions of the mitial siellar mass, m, and the optical
interstellar reddening £. Finally, £(or) is the IMF, such that £(em)
dm is the number of stars in the cluster with masses between m
and s < dm. Note that a proportionality sign is used here as the
ikelihood function 15 not appropriately nommalized o the
given form.

The imdividual probabality distabution, #...), encapsulates
the scatter of photometry around the best-fit isochrone, and
must account for all relevam effects including experimental
uncertainiies, unresolved muliple stars, and multiple disanet
populations known to be present in wCentaun. For our
purposes, both P} and £(m) can be estrmated empircally
from the observed spread of HST datp across the color—
magnitede space without theoretical input. In this method, the
scatter along the color axis is degenerate with that along the
magnitude axis. as any observed distribution of data points may
be reproduced by perturbing predicted photometry along only
one axis and not the other. We therefore chose o sample the
ohserved scamer in photometry along the color axis only and
use the magnitude axis as an estimator of the initial stellar mass
by interpolating the theoretical mass—luminosity relation for the
population under evaluation.

The empirical scatter was sampled from the observed data as
follows. First, the mnge of apparent magnitudes in v (F814 in
the optical, F160W in the nearinfrared) was divided into 10
bins of equal widths as demonstrated in Figure 9. Within each
bin, the varation of magniinde was ignored and the probability
density function (PDF) of the color distribution was computed
using Gaupssion kermnel density estimation with  bandwidths
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Figure 9. Color probability distinbutions ifemesd rom the shserved scatler in
HET photommetry. Al shown are the boundaries of the mapniude bins wsed in
ot (Mting amalysz. Yellow markers indicate the mode of the dsinbition in
exch bin. Top pasel: apthcal data fram HET ACS 'WHS. Bolom panel: ner-
infrared datn from HET WEC3 /IR

calculated ax in Scow (2015). The disrdbulion was then
translated along the color axis to place the mode at the origin.
The infemed PDF around the mode was then used as the scanter
in color for all stars whose magniiudes fall within the
magnitude bin.

The IMF in Equation (81, £m). was evalpated by converling
all messured magmitudes in the HST data set to initinl swellar
musses osing the linearly interpolated mass—magmmde rela-
tons derived from stellar models discussed in Section 3. The
inferred  distribution of masses was then converted imo the
mass PDF, E(m), using the same kemel density estimation
method as in the color spread (Scoat 2015), but trimmed on
both sules at the lowest and highest modeled stellar masses,
respectively, o avoid extrapolation.

The integral i Equation (8) was computed numencally by
drawing 10” masses from the infermed S(m) PDF, evaluating the
integrand for each and summing the results. Finally, the ol
likelihood of a given isochrone being compatible with the HST
data set {(S(E)) was calculated as in Eguation (%):

L(E) = [T Pele, m)- (9

In the equation, the product may, in principle. be aken over all
individual measurements (o, v). In practice, we must only
include those members in the HST data set that fall within the
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Figure 10, Likelihoods of compasbabicy amd best-iit inersielbs reddentne (o
the papulation sochrones calcubsied i thes stwdy based on HST plaotometry.
Nomirsl relérs o the nomunal popalaton descrabed i Section 3. Secondary
popidations are sommaraed m Table 2. The vertical ases are normalized o
L e~ Ermor bars mdicaie mndom e 1o the valoes as described o bexi.
Seleciad reddenmg videes [rom liferabure are also shown wilh  theic
uncenamties. Aged refers o the reddening estmale wsed mo (Thompson
el al. M, green). The otber twis valoes are Taken fnom Calamidels e al (3005),
cabenlated [from - ooanparinom with (fow) NGC 288 (hlack)] and MI3 [hlise ).
Masker shapes differenisale between fits oblamed psng opical ACS "WFC3
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axis). The two seis of valoes have different vermicad scabing and canpol be
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magnitude range of all calculated isochrones, o8 stellar masses
of members out of range cannot be meliably  estimated.
Furthermore, since inferred stellar masses are dependemt on
interstellar reddening which is not a prior known., we must
only select those cluster members for analysis that fall within
the modeled range ot all realistic reddenings, which we
conservatively take to be E(E - V)e [00, 04]. Our final
chotce of bounds was v (18.65, 23.83) in the near-infrared
(WFC3/IR F160W) and ve (1999, 25.44) in the optical
(ACS /'WFC FE14W), accommodating approximately 85% and
84% of all available measurements, respectively. The subset of
selected members 18 shown in Figore 11

For the nominal and epch of the secondary populations, we
maximize L{E) with respect o the interstellar reddening. £
(f = V) We estimate the random emor in the best-fit reddening
value, Ey by considering three contributions. The inmnsic
ftting error may be adopted as the Cramér—Rao bound:

Sl A
".I'J = - - 3
£ [ o le E.)

(1)

which in our case is evaluated o o Var(Ey) = 0.00] for all
isochrones. The coninbutions of the randem sampling of £{m)
during numerical integration and experimental uncertainties in
the dota were estimated by repeating the fitting process 10
times with different samples of Sm) and random Gawssian
pertarbations in the data. Finally, the emor induced by the
uncertainty i the distance to the cluster was detenmned by
repeating the fining process for upper and lower 1o bounds on
the distance modulus value.

All of the aforementioned contributions werne combined in
quadratire. The resultmg likehboods and best-fit reddening
values are shown in Figure 10 with uncertainties. Every
secondary wochrone performs better than the nominal one, with
HMHAA offering the best fit in both optical and aear-infrared
wavelengths. As such, we used HMHR for our predictions of
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brown dwarf photometry desenbed mm Section 6. The best-fit
reddening  valpes corresponding w0 this sochrone are £
(B =V)=0238 £ 0.003 from the near-infrared data and E
(#=Vi=017£000 from the optical dota. The mndom
errurs in both E(F — V) estimates quoted bere and shown in
Figure 10 are likely not representative of the true uncerainty in
the value, which 15 primanly doven by svstematic effects due
o the simplified population parameters, the reddening law, and
errars mirinsic o the calculated siellar models. The scatter in £
(f — V) estimates between the optical and near-infrared data
sets sugrests that the true value of the uncenainty in reddening
is of the order of ~0.07.

Owr reddening estimates exceed most lilerature values, of
which three ame shown in Figure 10. The Cluster AgeS
experiment (Thompson et al. 2001) uses the value of E
(B = V=013 £ 0.02 based on the value of E{F — V) =0.132
given by the map of dost emission from Schiegel et al. (1998)
@ a paicular pont within wCentiun and assuming  the
unceriainty of 0,02 motvaed by the vanation of reddening
across the cluster. In Calamida et al. (2005), two reddening
values of E(F - V)i=0.13 £ 0.04 and E(F - V)=0.10£0.03
are denved from comparson with NGC 288 and MI3,
respectively. The apparent discrepancy in reddening values
may be an artifact of owr approach, since a single population is
used o model both moin sequences of the custer. Conse-
quently, the large helium fraction adopted in this study makes
the predicted colors around the main-sequence knee bluer,
comesponding o a higher best-fit reddening value.

Two best-fiting secondary isochrones—HMERL and HMMA—
as well as the nominal isochrone are plotted against the HST
data in Figure 11, visually illustrating the gondness of fit. Both
isochrones in the figure have been corrected for the corresp-
onding besi-fit mtersiellar reddening parameters.

5.2 Best-fit LF und IMF

Assuming the besi-fit (HMHA) isochrone o be representative
of the average distnbution of wCentauri members in color—
magnitude space, we now seek a suitable IMF for the cluster 1o
estimate the population density. As will be demonstrated
shortly, the cluster 15 well descnbed by a broken power Law:

m™ 2 ifm = 05 M;

11
m', m=05M. el

Elm) ~ {

The power index of the high-mass regime (<2.3) as well as
the breaking point (m=058.) are fixed 0o the values
emploved m the wiversal IMF denved in Kroupa (2000, Tt
has been demonstrited by Sollima et al. (2007) that those
values are well suited to the high-mass regime of w Centauri.
The power mdex of the low-mass regime () s allowed 1o
vary. For comparison, Sollima et al. (2007) use 7= 0.8, while
the umiversal IMF introduces additional breaking points with
different power indices.

The theoretical mass—luminosity relationship for HMHA was
combaned with the IMF 1o derve the theoretical LF for
wCentauri as a function of v The best value of 7 was
determined by optimizing the y* statistic for the goodness of fit
between the theoretical and observed LFs. Our analysis of the
LF was camed out in the F160%W band of HST WFC3/IR
between the apparent magnitudes of 195 and 23, Within this
range, the dota were divided into 15 uniform bins with the
count uncertamnty in each bin taken as the square root of the
count. The counts have also been adjusted for estimated sample
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Figure 11 Nominal (Table 1) and twe secondary (Table 2) popubstson
tanchrones overplotied on HST photomesiry. The tsochrones have been admsted
by the best-fil reddening values. The color of madkers indicales whether any
partsculiar member wias or was ol imcluded mothe log-lkelihood oplameaton
described in lext W evaluale the accormcy of the sochmooe. Top panel: aptical
data froom HST ACS /'WFC. Bottom panel: near-iafrared data froim HST
WEFC IR,

completeness in each bin as discossed in Section 4. The
histogram was normalized and vsed as an esomate of the
underlying PDF.

The theoretical LF wis caleuluted from the IMF in
Equation {11} wsing the muss—lummosity relaionship from
HMHE and integrating the resuliing PDF within each magnimde
bin. Both observed aml theoretical LFs within the filling range
are plotted in Figure 12 in green and black, respectively, for the
best-fit value of 5 = 050 £ 0.07. The cormespondence between
the two LFs appears poor, indicating that the HMHA population
alone conmt reproduce the observed LF. This result is not
surprising as our besi-fit wochrome was caleolated for the
helium mass fraction of the blue sequence in w Centaun that is
orly representative of a minority of the members.

To improve the fi, we added a second population with a
silar helivm mass fraction and a mass—luminosity relationship
sdopted  from  the Dunmouth Stellar Evolution  Database
(DSED:; Doter et al. 2008) for [M/H]=-1.7 and
Y =02456. The extinction of (L0B5 mag was applied w
synthetic F160W photometry from DSED based on the average
magnitude difference  between the best-fit reddening (£
(B~ V=017, lower bound most consistent with lierature)
and reddening-free (E(F — V)i=10) HMHL isochrones. The
mixing fraction between the two populations, p, was treated
as i free purameter varving between O (DSED popuolation only )
amd 1 (AMHEA only) The besi-fit LF based on both HMHZ and
DSED as well as the besi-fit based on DSED alone (p = 0) are
shown in Figure 12, The calculated best-fit value of p=0.15 is
comparable (o s uncertainty of £0.14. Therefore, we present
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Figore 12 Observed LF for o Centsun (black) with tree theoretical s
corresponthng b the cses ol g = 0 {nsd, selar helm populaton only), p =1
{green, enhanced bebum popualation only), and g beme a free parameter (both
pupulaons ). The enhancsd helium population 15 based on The mass-unmmosity
relution of the besi-fil tsochrone calcubied m this stsdy. HMHEA The sobsr
heliom population 15 based on the mess-lummoary ebbmshp fom Dotier
et al (2008, DSED). In each case, o boken power-law IMF 15 assomed
{Eguastion (1)) with the best-fit valves - = 0LB9 £ 0.06, 5 = (.50 £ (L7, and
7= 0.83 = 0.8 for the three cases. respectively. The best-fit maxing {racton in
the case ol two popubsions was caboulated 2x p = 0,15 £ (L14. The firang is
camied oul between the spparent nixgnitudes of 195 and 23 only snce DEED
models are nol aviilable & the Gunl end and pholometry becomes meneasangly
umrebahle al the braght end die to satirston (Scaboo et al. 2021 Monethelesd.
the vbserved LF oulsele (his range s shown in vellow for conmplelemsis. The
normakization on the vertcal axis is such et the sum of all bins wsed in the fio
it umty. The upper codir-coded horizootsl axis indwates the mosal srellar
rdises comstponding o magimiudes lor the solar belimm popalabion fred) and
the enhancied belivm population {zreen) i solar masses.

{The dala used 1o creale this Byure are avalable.

this result as the 2o upper limit on the blue sequence population
fraction, p < 0.45. The blue sequence thus contnbutes less than
45% of the cluster popolation in the observed megion, in
agreement with Belling et al. (2009). The best-fit value of 5
when both HMHR and DSED LFs are included is 0.83 + 0.08,
which matches the sdopted value of ~ in Sollima et al (2007}

6. Predictions
6.1, Substellar Popalarion of w Centanri

In this section, we present our predictions of oolors,
magnitudes. and CMD densities of brown dwarfs in w Centaun
using the besi-fit isochrone (HMHR) and the besi-fit IMF
(Equation (11}) calculated in Section 5. Figure 13 shows
predicted CMDs for the cluster in three different sets of filters:
FA14W versus FoleW-FE14W for HST ACS,/WFC, F160W
versus F110W-F160W for HST WFC3 /IR and F32 2W2 versus
F150W2-F322W2 for IWST NIRCam.

For the first two diagroms, observed mun-sequence photo-
melry 15 available and shown alongside predicted colors and
magnitudes in blue. The density of points in the predicted set s
proportional (o the PDF LF (Figure 12) extended into the
brown dwarfl regime. The normalization is such that spproxi-
mately 1700 points fall between the initial masses of 0.1 and
3IM.. This choice closely matches the number of members
within the same range of masses in the opiical HST data set
used in this analysis. For clanty, a Gaussion spread with a
standard deviation of 0.1 magnitudes was applied 1o each point
from the predicted set along the color axis. Each CMID contains
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and o-enhancement s estimaied from the difference between the best-fining HMEA amd S6840h secondary’ populstwns as well & the nominal pepulatson. In the case of
TWET. the wcatter umony tsochrones does nol disgrlay @ clear direcison and = shown with ermor bars instead.

[The diata wsed to create this figare ae available. )

a region of low source density below the cool end of the man
sequence (the stellar/substellar gap) followed by an increase in
density at fainter magnitudes. comesponding to the accumula-
tom of cooling brown dwarfs.

The effects of metallicity and o-enhancement on  the
predicted brown dwarf colors and magnitudes are indicated
by ermor bars and arows in Figure 13 at three effective
emperatures: 1200, 1300, and 1000 K. The first temperature is
just above the HBL, while the latter two are below the HBL.
The sige of the effect was infemed from the scatter among the
two best-fit isochrones, HMHA and HMMA, and the nominal
isochrone. Note that at Ty = 000K, only the best-fin
isochrone { HMHR) has computed atmosphere miodels, so scaller
at this temperatire s based oo extrapolated  bolometric
corrections for both HMHA and the nominal 1sochrones and
muay be unrelishle. The scamter 19 substantial in the optical and
near-infrared HST bands, butl appears for less significant in
infrared TWST bands, as the F150W2 band accommadates
most of the prominent metallicity features in the spectrum (see
Figure 3). A different choice of narow-band filters would
make color measurements more sensilive (0 chemical abun-
dunces at the expense of @ worse signal-io-noise ratio.

The extended LFs that the CMD predictions are based on are
shown in Figure |4, As before, both the main peak
corresponding to the main sequence and the brown dwarf peak
just emerging of the faint end can be seen with o gap in
between. In the figure, each plotis given for two cluster ages of
10 and 135 Gyr comesponding to the expected ages of the
youngest and oldest members i w Centauri. While the main-
sefquence peaks appear relatively unaffected by age, the brown
dwarf peaks emerge at slightly brighter magnitudes ar 10 Gyr.
As expected for objects in energy  equilibriom, the main
sequence evolves slowly with time. By contrast, substeflar
objects have entered their cooling curves and are moving
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Figure 1d. Predicied LF for the HET ACS/WEFC FE140W band. the HST
WEFCA /IR P1E0W bamd, ond the JIWST NIRCum filler F32 293, Cugves ame
shown for the population ages of 135 Gy (sofid) and 10 Gyr (dashed). The
two peaks comespund o the man sequence and brown dwarls o the clsier
wilth o stellor/substellar gap in belween. The vertcal disched-doned lnes
indscate the approcimale faml Hmits for the mstruments shown, calculaged
sbendically to Frgure 13, The shaded aneas around the curves indscale e mags
of our predsctsons bised an the sncertainty. m the determmned IME. While the
shown ranges are for the age of 13,5 Gyr, similiar uncerlainives apply 1o the e
of MCyr. Thes figure demonstrates the supesionty of infrred oheervations
with IWST ax the apparent magnitude of brown dwards eoters the Bt of the
m=lruamei.,

steadily across color—magnitude space. Hence, the LF gap for
wiCentauri and other globular clusters provides a potential age
dingnostic for the system, assuming the evolutionary timescales
are comectly modeled (Burgasser 2004, 200% Cainzzo et al.
2017, 2019). We also show in Figure 14 the vanance in LF
predictions wking into account ueertainty in the infemed IMF.
In general, a higher value of the power index results in fewer
low-mass members in the cluster and vice versa. Note that the
width of the stellur/substellar gap is insensitive to the adopted
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IMF and 1= pomanly determined by the mass-effecnve
temperaiure relutionship of the population. The normalization
in Figure 14 15 for the rofef number of heliovm-ennched
members in the entire cluster based on the besi-fit IMF
(Equation (11)), the best-fit mixing o (g =0.15) and the
assumed total cluster mass of 4« 10°M, (D'Sovza &
Rix 2013).

Finally, we provide a set of mass—luminosity relations for the
aforementioned JTWST and HST filters in Figure 15 alongside
the mass-effective lemperature relationship. All curves are
based on the best-fit isochrone (HMHR). The predicted initial
stellar mass at the HBEL was wken as the mass for which the
total proton-proton chain luminesity output comresponds @ a
half of the total lominosity output at 13.5 Gye. This Lnut was
found 1o be Myp, =0066 M. for HMHA (Figure 15) For
compuarison, the HBL for the nominal population is at a
marginally higher value of My, = 0069 M. A higher HBL
mass 18 expected for stard with lower metallicity as the
comesponding reduction in atmosphernic opacity resulis in fasier
cooling and requires a higher rate of nuclear burming. (higher
core emperature) o sustain thermal equilibrinm. We note that
the HBLs calculated here are lower than most literature
estimates (e.g, Chobnier & Baraffe 1997) doe w the increased
helium mass fraction that sumulates faster hydrogen fusion in
the core, allowing sturs of lower masses o establish energy
equilibrinm.

6.2, Unresolved Binary Svstems

A fraction of brown dwarfs in wCentaun may be multiple
systems, which will appear brighter due to the superposition of
Muxes from individeal components. Existing constraints from
the LF (Elson et al. 1995) and the radial velocity distribution
(Mayor et al. 1996) sugeest that w Centourd has an unusually
low binary fraction of al most a few percent among hydrogen-
buming members. which is likely to be lower vet for the
substellar population of the cluster (Burgasser et al. 2007,
Fontamive et al. 2008). We may therefore safely ignore the
effect of inple and higher-order sysiems thal are far less kely
to form than binary systems (Raghavan et al. 2000).

The effect of unresolved binary systems is determined by the
binary fraction of the cluster as well as the disinbution of the
component mass ratio, g =M, /M, where M, and M), are the
masses of the secondary and primary components, respectively,
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and g < 1. To quantify the effect, we carted oul numerical
simulations where a number of randomly chosen objects in the
IWST predicted data set received secondary components with
musses drawn according 1o the comamonly used (Kouwenhoven
et al. 2009) power-law distribution of mass ratios, Pig) =g . In
each case, the probability distribution was rimmed at the
minimum value of g that ensures the secondary mass remains
within the mids range of the best-fit isochrone HMHAR. We
consilered a range of 3 valpes from 7= <05 caleulated by
Regpiani & Meyer (2001) for o variety of star-forming regions,
o F =4 uied by Burgasser @1 al. (2006) for field brown dwarfs,
Wi found the companion mass distribution at the lowest value
of g to closely resemble that obtained through andom painng
of cluster members for our IMF. On the other hand. the highest
considered value of F emphasizes preference for components
with similar masses corresponding to the so-called twin peaks
effect (Lucy & Ricco 1979 Kouwenhoven et al. 200:).

We found that the width of the stellar/substellar gap shown
i Figure 14 5 not notceably affected by binary systems for
binary fractions under 0.5 dee to the smooth fse in beown
dwarfl number density with magnitude. The average brighiness
of modeled brown dwarfs increased by ~ 0.1 mag for the case
of 3=4 and a binary fraction of 0.2, For the more realistic
binary fraction of 0.05, the magnitode difference did not exceed
003 mag for all considered values of 3. falling well within the
expected uncertainty of future JWST measurements. 'We
therefore conclude that magnitude predictons  for brown
dwarfs in o Centauri presented in this work are nod noticeably
affected by any realistic population of unresolved multple star
systems in the cluster.

7. Conclusion

In this study, we caleolated a oew set of thearetical
wochrones, mass—luminosity relations, and CMDs for the
helivm-rich members of the globular clusier w Centari, Our
predictions  provide a theoretical expectation for the  first
observations of brown dwarfs in globular clusiers anicipated
with JWST. At present, globular cluster photomeiry exiends
below the faint end of the main sequence | but not deep enough
to robustly swmple the brown dwarf population. The predictions
presented in this paper are adjusted for the metallicny and
enhancements of individual elements in o Centauri.  The
necessary paramelers were determined by starting with a set
of abundances denived from literature spectroscopy of bright
members  amd  ileratively  perurhing  them until the best
comespondence of the syathetic CMD with the existing main-
sequence HST photometry was achieved. Our main findings are
summuarized below:

1. In agreement with gualitative expectations, our predic-
toas show thit the main sequence s followed by a large
stellar /substeller gap in the color-magnimde  space
populated by a small number of objects. The specific
size of the gap depends on the age of the cluster and the
evolutionary rate of brown dwarfs, the latter of which
depends oo the hebiom  mass  froction and  metal
ahunidances,

. The modal trend in the CMD of w Centaun cannot be
reprodduced with solar or scaled solar chemical abun-
dances as evidenced by the dependence of compatibality
likelihood on enhancements of individual elements

b
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shown in Frgure 10, For this reason, our analysis required
new evolutionary interior and atmosphers models.

3. The best-fit abundances calculated m this study are
summarized in Tables | and 2 corresponding to the HMEA
population. We found that the helivm-rich members are
most consistent with the metal-nich end (fM/H] = - 1L4)
of the metallicity distribution in w Centunn in agresment
with the hypothesis of Bedin et al. (2004},

4. The besi-fit isochrone, HMHA, is based on the distunct
modal peaks of the [C/M] and [N/M] distribations
infemed from spectroscopy of bright members in Marino
et al. (20012). The positions of the peaks within their
distributions are consistent with the second renenstion of
stars discussed mm Manno et all (2002) that 13 most
resembling of the blue hebum-nch sequence in the
cluster.

5. On the other hand, the broad [O/M] distibetion in
Murine et al. (20012) kcked a well-defined peak. Figure 7
demonstrates that the oxvgen abundance cannol be
reliably constrained by our method as the optical CMD
of the cluster does not change significantly whale [O/M]
15 varied within the limits of its distribution. However, we
established that the CMD depends strongly on the
abundance of o elements. The two best-fitting secondary
populations, HMHE and HMME both require considerable
m-enhancement with specific values of [o/M] = 0.6 and
[ex/M] =04,

6. The HST-observed lominosity distabution of the cluster
cun be reproduced within uncertainties by a broken
power-law IMF and two populations with solar and
enhanced helinm mass ractons, with the laiter confaun-
g fewer than 45% of the members, in agreement with
measurements in Belling et al. (2009) away from the
center of the cluster.

7. We calculated the HBL for the helium-rich members of
wCentaun as 00660, This value falls below the
literature predictions for a solir helivm mass fraction
(~007TM. ot solor metallicily Baraffe et al. 1998) as
larger helium mass fraction increases the core mean
molecular weight, allowing faster nuclear burning, and
hence, energy equilibrivm in objects of lower mass.

8. We predict that the brightest brown dwarfs in w Centaun
will have a magnitnde of 28 in TWST NIRCam E322W2
(Figure 14). Within our modeling range, the density of
brown dwarfs appears to reach s maximum around a
magnitude of 30, where the brown dward count per
magnitide is comparable o the star count per magnitude
around the peak of the main sequence within a factor of 2.
Based on our exposure caleulations for F'WST, we predict
that the brown dwarf peak is just detectable with a [ hr
exposire, while signal-to-noise ratios between 5 and 10
can be attained for the brightest brown dwarfs for the
SAME EXPOSUTE e,

The analysis in this stody is based on a new set of
evolutionary  models and model atmospheres, which  was
necessitated by the significant departures of  w Centaun
abundances fram the scaled solar standurd that 15 sssumed in
most publicly available grids. Our grid renches T~ 1 KK,
which is just sofficient o model the reappearance of brown
dwarfs afier the stellar/substellar pap in globular clusters.
Extending the grd to even lower temperatures is comrently not
feasible with our present setop due © incomplete molecular

15
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opacities and associated convergence issues, reguinng a fulune
follow-up study with an improved modeling framework.

The analvsis presented here relies on the assumption that a
single best-fit isochrome s sufficient o describe the average
trend of o Centaun members in the color-magnitude space. A
mwe complete study most model the population with multiple
simultaneons sochrones capturing the chemical complexity of
the cluster that may host as many as 15 distinet populations
(Bellini et al. 200 7c). In fact, the bifurcation of the optical main
sequence at the high temperature end into the helinm-enriched
and solar helium sequences s visually apparent in Figure 11,
suggesting that the approximation is invalid in that temperature
regime, Which may explain the mismatch in the main-sequence
tum-off points between our best-fit prediction and the wnfrared
datn set in the lower panel of Figure 11, Al lower lemperatures,
the sequences appear more blended due @ mirinsic scatier as
well as increasing experimental uncertambies. However, the
separation between the isochrones of different populations may
be similar 10 or more prominent than differences around the
wm-off point (Milone e al. 2007). Other globular clusters,
such as NGC 6752, also show highly distinet populations in the
near-mfrared CMDs (Milone ef al. 2009),

In this study, mixing in additional isochrones from public
grids allowed us 1o comstruet a model LF that approximated its
observed countérpart reasonably well: however, future studies
will need to produce a more extensive grid of both evolutionary
and  atmosphere models w o capure the mobiple  cluster
populations present

The cument scarcity of known metal-poor brown dwarfs
necessilales over-reliance on theoretical models of complex
low-temperature physics that remain largely unconfirmed. The
predictions dmwn in this paper will be directly comparable 1o
new plobular cluster photometry expected over the next few
vews from both JWST amd other next generation facilities
under construction. The observed size of the stellar / substellar
sap as well as positions and densities of metal-poor brown
dwarfs in the color—magnitude space will then provide direct
input into state-of-the-ant stellar models, offering a potential to
mmprove our undersianding of molecular opacities. clowds, and
other low-temperaiure phenomena in the atmospheres of the
lovwest mass stars and brown dwarfs,

This work made use of the SIMBAD database. operated at
CDS, Strashourg, France. This work uséd the Extreme Science
and Engineering Discovery Environment (XSEDE), which is
supporied by National Science Foundation grant number ACI-
1548562, R.G. and A B. acknowledge support from HST GO-
15096, M.S. ond LRB. acknowledge finuncial support by
MIUR wnder PRIN program #2017Z2ZHSMF. M.S. acknowl-

edges  support from STFC  Consolidated Gram 5T/
VOODETX /1.

Facilities: HST (ACS. WFC3).

Software: Bstropy  (Astropy  Collaboration et al

2013, 2018), Matplotlib (Hunter 2007), NumPy (Hamis
et al. 2020, SciPy (Vinanen et al. 2020).

Appendin A
Evolutionary Configuration

Table 4 lisis all MESA v15140 settings employed in this
study that differ from their default values. The initial settings
were adopted from Choi et al. (2016). The boundary condition
tables for atmosphere-intenor coupling were then replaced with
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Tabbe: 4
Conliguraton Optwons Chosen in MESA Models Caleulaied in This Saudy
Parameter Vil Explanation
Zhase Sapw as inicial_z Mommmal metalbory for opaaty calcubsisons

kep_file_prefix kappa_ lowT prefix
kappa (0 prefix

create_pre main_ sequence_model Trae

pre_ma_T 5x WK

atm_cpkiaon

alber that
atm_table Eau_100
initism]l sfracs o

initial =

al9 lowT_£alS_alb%p 2a09_co

I_tau lor the fEst 100 sleps and table

Mleta] mase Frachion correspoicing 1o e

Orpacity tables precomgpubed for the solar abundances in
Asphmd er al (2009}, which match the abundances
slopied in thas udy the closest, Adso Folkowmg Clos
el al. (M1A).

Begin evolution al tee PMS, lollowing (Chol el al
2016).

Indbial centrul temperature for the FMS. lollowing (Cho
el al. Mi1l6).

Bowndary comditeens For e almosphere-imlenor cou-
phag. Use gray almosphene mperalure relation
mabially. fodlowing (Chisi et al. 2016), then switch 1o
cuslom atmosphere lables,

U'ser pee-tabutated stmssphere mieror coupling bownd-
sy comdilions af the optical depth of = LK.

Use costom imitial abundances of elemenis

|8/ H] i convested 1o metal mass racton using the

population of imierest shunclances m Tabbes 1 and 2 as well a8 solar baseline
shunclanies in Tahle 5.
initial_y 4 Enhanced helmim mass frction, Y = 0.4, comsadered 1n

i_frackion ®

initial

_mas

mEX,_age 13.5 Liyr

mixing_length_alpha

do_element diffusiocn Triae
diffucion_dt_limit

velinyie stars

Abundances of all elemens cormesp-
onding 1o the populabion of mierest
Range from = 003 o - 05 M-

1.82 scale heights

3,15 = 10 & but chisabled in fully con-

s sty
Enbancements m Tabdbes | and 2 as well ax solar baseline

shundances in Table 5.

Evolutionary modeis are calculated Irom (e breest
mass covered by the stmosphere grd 10 the upper
lizeat of = (05 M., where the atmis plesre-mierior
cousplmg scheme can oo longer be wsed.

Termunate evolulron s 13.50Gyr 1or all skars as the
makimum expecied age of chister members.

Convective mixing length determmesd by solar calibra-
o 10 Chion et al {2016).

Curry oud ebement diffussom.

Miidimisin tisne ep regutred by MESA W caloulae cle-
ment diffusion. The defsult value, 315 = 1075, is
changed 10 o much latger number, 3,15 = 10" &, once
the mass of the convedive ¢ond i wilkim D01 M ol
the mass of the star bo suppress dallusson i Tully
comveclye ohiechs due 1o poor coavergence.

the tables caloulated in this study as detailed in Section 3. Since
the setup in Chot et al. (2016) is based on the older version of
MESA (v71503), some of the setiings were replaced with their
miodemn equivalents. Finally. all parameters that have insignif-
wcantly small effect on the range of stellar masses considered in
this study (e.p., nuclear reaction networks) were restored o
MESH defaults.

Appendix B
Solar Abundances

In this appendix, we list the solar element abundances
adopted in this stwdy for both atmosphere and evolutionary
models (Table 53 Solar sbundances are  presented as
logarithmic (dex) number densities compared to hydrogen
whose abundance is set w 1200dex exacty. All elements
omilted in the able were not included n the modeling. The
abundances listed here correspond to hydrogen, helium, and
mietal mass fmactions of X =0.714, ¥=0271. and £=10.015,
respectively.

la

Appendix C
Catalog

We inclode with this publication on  astro-photometnc
catalog of messured sources in the HST imaged fields, and
multiband atlases for each Alter. The main catalog (filename:
Catalog) includes nght sscensions and dechinations in units
of decimal degrees; as well as VEGAMAG magnitudes in
FoleW, FE1l4W, F110W and F160W before #ero-pointing and
differential reddenming  corrections. The last three columns
contans flags w differentiate unsaturated and saturated stars for
FeleW and FA14W filkers and a proper motion-based flag 1o
distinguish between field stars and clusier members.

Four adiditional catalogs R-I_wvs_I.dat, J-H_wa_H.
dat, C_RIH wvs_H.dat, and I-H wvs_J.dat contin
differential  reddening-corrected,  zero-pointed  colors,  and
magnitudes diagrams in the meggw — Meggw VETSUS Mg,
Mg joa = e W Versus ST
(Prennew — Mpnpaw) — (Plpyiaw — Mpgaow] YETSUS Mgy, and
TER = MW VETSLS RTE] pow phseryanonal 'Fln!.l'lﬂi. All four
files have the same number of éntrics and ondenng as the main
catalog with one-to-one comespondence.
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Table 5
Solar Abumdenees Aubopied in thes Susdy

Sy bl Element Abundance Error Relerences Syrhal Elemnt Abundance Eerar Relerences
H Hyidirengen 124Xy = (1) Ka Rutheninm 175 LERY L] (3
He Hellum 10495 0.o1 {2} Kh R bodbism Lk g {4
Li Lahium izn 0.05 (4) Pd Palladiurm 1.65 oz {4
Be Berylbiam 138 (.0w {3 Ag Silver 120 oz {4y
B B 2m .04 (<) Cd Cadmnmm 1.71 LEELE] [EF
C Carbon K50 (.0 ] In Incliurm e 003 (£ 1]
M Nilrogen 146 0.12 i) Sm Tim 2 LI 13
i) Oaygen B.78 0.or () 5h Amtimony 1.01 i (L]
F Flumne 456 .30 i3 Te Tellpmim 2115 LRELES (€ )]
MNe Meom B.02 0.0u (B} 1 Focluine 1.55 LLEE {4y
Ma Saochiim a2d [L04 (3 Xe Xenon e | LEEL ] {5
Mg Magnesium T.60 0.04 (3 Cs Caesium 1168 oz {4y
Al Alwrmminium Hhd5 .3 (3p Bia Buriim 218 LEEE (3
St Salicon 151 a3 (3 La Lanthanuen 110 LIRS [E}]
P Phosphories 5.46 0.04 (45} Ce Cernim 158 LEEEE {3)
3 Sulfur 1.18 0.05 () Pr Praseodymium 72 1104 {3
i Chlonne 5.50 0.3 1] Md Meodyminm 142 d 13
Ar Argodn 640 e3 (50 Sim Sanesnum 95 LERED {1
K Potassiiam 511 0.0 L] Eu Europiain 52 LLEES {31
Ca Calcium a3l .04 {3 Gid Gaderminm 107 144 {3
S Seandiim 31s 0,04 (3 Th Terbim 30 LI {3
T Tianium 495 .05 (3 by Dy sprossium 110 .04 et
W Wanadiom 3u3 (.08 (3 Ho Holmmim hax il (1]
Cr Clooamums 564 0.04 ] Er Erhiwm a9z 005 (3
Mn Manpanese 543 iy (3 Tm Thuliam .10 [T ] (k1]
Fe L] T52 (.06 (&) Yh Y iterbaum L9z oz {4y
Ca Cohall 499 0.a7 (3 Lu Lutetim {10 s [E1]
i Michkel a22 .04 (3 Hi Halmwium 47 04 [LaH]
Cu Copper 4.19 (.04 (3 Ta Tanabim .12 (.04 {4y
¥n Fme 4.56 (.05 {3 W Tungsten {LhS .04 4y
G Ciadluem i 0.0 (3p Re Bthemnom (26 i (dy
Ge Chermom kit 365 L] (3} s Chmaiaim 136 LR ({:1]
As Arsemic 230 0.04 4 I Erileim 138 o7 [E}]
Be Selenmim 334 .03 4y M Flatimaim L.&62 LEEIE] (1]
Br Bromine 254 0.06 4 Au Cierhd (.80 104 {4y
Kr Kryplon G B .06 (5 Hgz Mercury 117 LITH {dy
Eh Ruhwlnmam 136 0.03 4 Tl Thalliwmn 77 43 {4y
Sr Stromtbunm 187 0.07 i3 Ph Lead 2K o3 (B}
Y Y Hiriiem R | 0.05 (3 I Eipsmath k65 (.04 {4
I Fareonium 2182 (.06 (T Th Thorum (ks LITEE] {B)
1] Mrohmiom 1.46 .04 [3) U Liramiim -1, 54 3 {4y
Mo Molybdeniom 1.8% 0.08 (3

Mole. (1) Hydmogen shundance is 12.00 by defmbon (2] Helhim 3% abandance calibraied 1o tee mtial beliom mass facion of Y= 0,27 £ (0] 2 estimated from
an ensemble of solor models in btemiore catibraied o ohserved phoosphene mealbicny, lomoesay, amd helosesemc eguencses (Chrastensen-Dalsgaand 1908:
Boothroyd & Sackmann 2003, (1) Present-day spectmusopie photosplenc abundsnees. from Asphuod et al. (300U, Table 1 {4) Meeonic abusdsnees from Aspluml
et al. (2008 Tshie 1. (5) Present-day mdirect photospheric sbundamoes rom Asplund et al. (20009), Tahle 1. (6) Present-doy spectroscopic photosplenc abimdanees
fruomm Cilfa e al, (201 1b§, Table 5. (7) Present-day spectriscopic pholisplenc abumbance of Scomom Irom Caffau el al (200 1ay, (8) Present-day specirosopic
pholsphenc abundance of neon mfemed Iom a represeniaive sample of B-type stars {Takeda et al. 20000

“The uncenainty i Mn shomdance differs between the preprmt (arXav:0909.004%) and published versions of Asplund et al (2009) by (01 dex. The labter is

presenbod here.

Finally, for each filker we provide wwo addidonal files
contmning the esimated photometric enors (FE0EW_err.
dat, FB8l4W _err.dat, F110W_err.dat, and
Fle0W_err.dat) and completeness (Fed6W_comp.dat,
FAl4W_comp.dat, F110W_comp.dat, and
FLe0W_comp.dat) compited in each half-magnitude bin.

We also release with this publication atlases of the imaged
field in each of the four filiers. These atlases consist of stacked
images produced with two sampling versions: one ol
sampled at the nominal pixel resolution and one atlas sampled
al 2x-supersampled pixel mesolution. The stacked images

L7

adhere w standard FITS format and contin headers with
mstrometric World Coondinate System solutions tied to Gain
Early Data Release 3 astrometry (Gaia Collaboration et al.
2021y We provide a single stacked view for each of Fedew
and F814W felds, and two stacked views for each of F110W
md FladW fields separated into short and long exposire
HTHLEES,
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The catalogs and atlases are meluded with this publication as
supplementary electronic muaterial and sre available online. "’
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