New synthetic isochrones and predicted luminosity functions for stellar and substellar members of w Centauri
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Introduction

The coeval and co-evolving members of globular clus-
ters serve as stellar astrophysics laboratories, as other-
wise inaccessible parameters such as age and composi-
tion are often restricted within the cluster and may be in-
ferred from its colour-magnitude diagrams. Until recently, - = ., .53
the typically large distances of globular clusters confined
such studies to their most massive members. Now, the - Wt g
promise of highly sensitive ground- and space-based fa-

cilities will extend the reach of these studies into the sub- | A :#ﬁ.}‘--'_-'_;'i'_-
stellar regime. e N TR R
We are investigating the elemental abundances of stars =+ .. h g L
and the initial mass function (IMF) in one of the clos- SR 2
es.t and mpst vvell—studied globulalf clusters, w Centauri Figure 1: Allegedly [10] the earliest surviving
(Fig. 1), using a new grid of synthetic spectra and colour- photograph of w Centauri by Sir David Gill
magnitude diagrams. To our knowledge, these new mod- 1892. Reproduced from [8, p. 715].

els yield the best agreement with HST photometry. Com-

prehensive treatment of molecules and clouds enables us

to make quantitative predictions for the properties of brown dwarfs in w Centauri, which are

expected to be observed for the first time in future studies with JWST, TMT, GMT and ELT.

Synthetic Isochrones
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Figure 2: Left: boundary conditions for stellar structure at log(g) = 6.0 and [Fe/H] = —1.4. "MIST" refers to the set
of boundary conditions used in MIST that are based on ATLAS atmospheres and become increasingly unreliable at
low temperatures. "NextGen" conditions are derived using the grid of model atmospheres from [6, 2] that offers a
better treatment of molecular opacities and convection but is less accurate than newer PHOENIX models due to the
missing treatment of condensation and dust opacity as well as the use of scaled solar abundances. "Custom" boundary
conditions are derived from our grid of atmospheres for the inferred abundances of w Centauri (A in table 1). Right: the
effect of the choice of boundary conditions on synthetic photometry of w Centauri. Synthetic photometry derived
under the assumption of grey atmosphere is shown for comparison. Note that the difference dissipates at high
temperatures as expected. The magnitude displayed is HST WFC3 Vegamag.

We calculate new sets of evolutionary models and model atmospheres in the range 1 kK < T,g <
7 kK. At high temperatures, we calculate model atmospheres with ATLAS 9 [11, 12] for compu-
tational efficiency. Due to the incompleteness of the molecular opacity model, the accuracy of
ATLAS degrades rapidly at Tog < 4 kK where we use PHOENIX 15 [1, 9, 5] instead. In addition to
accounting for opacities due to ~ 0.6 x 10? molecular transitions, PHOENIX allows 200 species to
condense into dust under appropriate thermochemical conditions whose effect on both chemistry
and opacity becomes increasingly important in brown dwarfs. Gravitational settling and convec-
tive mixing of dust are modelled using the Allard & Homeier cloud model [1, 7].

Stellar evolution up to 13.5 Gyr is modelled using the MIST framework [3, 15] with custom bound-
ary conditions (temperature and pressure at = = 100) estimated by interpolating the atmosphere
grid. The complexity of low temperature atmospheres leads to strong dependency of evolution
on the chosen set of boundary conditions as illustrated in Fig. 2. Even at relatively warm effective
temperatures (~ 4 kK), synthetic photometry may be off by as much as a magnitude if the chosen
set of boundary conditions fails to correctly model energy transport in the extended convection
zones or enhancements of individual chemical elements. As such, isochrones available in litera-
ture fail to reach the substellar regime in globular clusters. Through the on-demand availability of
model atmospheres with desired composition, this study is free of such limitation.
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Table 1: Parameters of the isochrones shown in Fig.
3. The isochrones calculated in this study (A and B)
only differ in |a/Fe] which appears to be sufficient
to account for the scatter at the faint end of the
main sequence. We therefore expect that the pho-
tometry of brown dwarfs in w Centauri will strongly
depend on abundances of individual elements. All
iIsochrones are presented at the generously old age
of 13.5 Gyr since the properties of the main se-
quence at low masses are approximately constant
throughout the stellar lifetime which exceeds the
age of the universe. Bracketed quantities are in dex
compared to solar. Y is the helium mass fraction.

Figure 3: Two candidate isochrones (A and B) calculated in
this study to approximate HST photometry of w Centauri
(in yellow). Closest matches from two model grids avail-
able in literature are also provided for comparison: MIST
[3] and Dartmouth (DSED) [4]. The MIST isochrone is un-
able to model bright and faint members simultaneously.
The Dartmouth isochrone performs considerably better
but appears to have steeper than observed slope at the
cold limit. Neither of the two literature isochrones extends
far enough to cover the bottom of the main sequence or
the substellar regime. All magnitudes and colours are HST

WFC3 Vegamag.
16
18 A
0.4
20 A
0.2
z 22 -
= 0.1
S 24 0.08
26 A
78 - 0.06
. 10 0.06
2 4 6 0.00 0.25 0.50 0.75 1.00 1.25
Megoow — Mpgiaw Mg ow — Megow

Figure 4: One of the candidate isochrones from Fig. 3, isochrone A, was extended down to T, = 1 kK into the
substellar regime. Left: a zoomed out version of Fig. 3. Right: equivalent diagram in infrared bands. Numbers next
to dark squares indicate stellar masses in M. All magnitudes and colours are HST WFC3 Vegamag.
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Figure 5: Predicted luminosity function for w Centauri based on a best-fit broken power law IMF (see text) and the
calculated isochrones. The emergence of the substellar population at the faint end and the brown dwarf gap are
clearly seen. The distributions are normalized to the total mass of the cluster. All magnitudes are Vegamag.

The best-fit abundances of w Centauri were calculated iteratively starting with initial guesses
for [Fe/H], Y, [C/Fe], [N/Fe] and [O/Fe] based on photometric analysis in [14] and spectroscopy
of individual bright stars from [13]. In each iteration, a synthetic isochrone was calculated and
compared to optical HST photometry by evaluating the likelihood of the observed dataset, given
the observed spread in colour around the fiducial (median) colour-magnitude relationship as a
function of magnitude and the observed luminosity function (LF). We use the distance modulus of
13.6 from [17/] and treat reddening as a free parameter. The assumed abundances were perturbed
at the end of each iteration until a satisfactory fit to the data was obtained. The result of the fifth
and final iteration is shown in Figs. 3 and 4 with comparison isochrones from literature [4, 3].
Neither of the literature isochrones shown supports enhancements of individual elements.

Initial mass function

We combine the inferred best-fit isochrone for w Centauri with the commonly used broken power
law IMF to predict the magnitudes and multiplicities of brown dwarfs in the cluster. At high masses
(> 0.5M@), we assume the IMF to obey the standard N M~—23[16]. The low-mass power index
was treated as a free parameter and determined by calculating the LF from the IMF and fitting
it onto observed LF in optical HST photometry. The best-fit power index was calculated to be
0.69 £+ 0.06. Finally, the inferred IMF was used to extend the observed LF into the substellar
regime. The predicted LFs for HST WFC3/F814W and JWST F322W?2 are plotted in Fig. 5. The
emergence of brown dwarfs is seen at the cold end of the modelling range at T,g =~ 1 kK. Due
to the low surface temperature, long wavelength observations with JWST allow the expected
brightness of brown dwarfs to be increased by nearly 5 magnitudes and place it well within the
expected limit of the telescope. The total number of predicted substellar objects strongly depends
on the age of the cluster and may therefore be used to estimate it.
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