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ABSTRACT

Blue straggler stars (BSSs) are exotic objects, which, being the results of processes such as mass transfer, mergers, or collisions,
are considered key objects in the study of their host clusters’ dynamics. While many studies on astrometric, spectroscopic, and
photometric properties of BSSs in clusters have been conducted, there are few works in the literature regarding their pulsations and
internal structure, which can indeed retain traces of their origin. In this work we computed and analysed a grid of collisional BSSs
at low metallicity (Z = 0.01 Z;), finding that collision products present a peculiar chemical stratification that leads to periodicities
in the period-spacing pattern of high-order gravity modes. These seismic fingerprints provide a unique opportunity to constrain the

formation pathways of BSSs in globular clusters.
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1. Introduction

Blue straggler stars (BSSs) are core-hydrogen burning stars
which lie, in the colour-magnitude diagram (CMD), in a bluer
and brighter extension of the main sequence (MS), thus appear-
ing younger compared to the rest of the stars in their host clus-
ters. Originally found in globular clusters (GCs; see Sandage
1953), they have also been observed in open clusters (OCs; see,
e.g. Rainetal. 2021), in dwarf spheroidal galaxies (see, e.g.
Momany 2015), and among field stars (see, e.g. Preston 2015
for a review).

Until now, three main formation channels have been sug-
gested. Accretion by mass transfer in binary systems (McCrea
1964; Ivanova 2015), collisions or mergers in triple systems
(Andronov et al. 2006; Perets & Fabrycky 2009), and direct col-
lisions (Hills & Day 1976; Leonard 1989). While the first and
second formation channels are dominant in less dense envi-
ronments, such as OCs (Rain et al. 2024) or low-density GCs
(Sollima et al. 2008; Ferraro et al. 2025), where multiple stel-
lar systems have higher production and survival probabilities,
the third one plays a major role in more crowded environ-
ments, such as GC and OC cores (Wang & Ryu 2024). How-
ever, these three mechanisms can also coexist, and a combina-
tion of them is needed to explain, for example, the existence of
double sequences of BSSs in post core-collapse GCs (see, e.g.
Cadelano et al. 2022).

In GCs, properties such as radial distribution (see, e.g.
Ferraro et al. 2020) and rotational velocities (see Billi et al.
2024, and references therein) have been extensively studied,
revealing that BSSs are powerful indicators of the dynamical
stage of these clusters. On the other hand, there is still the need
to investigate the internal structure of BSSs, not only to better
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constrain their formation pathways, but also to more easily dis-
cover these objects among field stars or inside clusters’ MSs,
if they did not acquire sufficient mass to exceed the MS turn-
off (MSTO); that is the case for blue lurkers (BLs; Leiner et al.
2019, 2025; Nine et al. 2023). In this framework, a crucial role
could be played by asteroseismology (see, e.g. Aerts 2021) and
its ability to probe stellar interiors through the study of oscilla-
tion frequencies. In particular, gravity (g) modes represent a pre-
cious tool to investigate the interiors of MS stars, from chemical
stratification (Miglio et al. 2008) to rotation frequency (see, e.g.
Van Reeth et al. 2016 and Ouazzani et al. 2017) and angular-
momentum transport (Aerts et al. 2019). This means that g
modes can be used as probes of the chemical structure of stars
and to determine whether collision products retain traces of their
dynamical past in their interiors. Pulsating BSSs in the instability
regions of y Doradus (y Dor; see Kaye et al. 1999 and Handler
1999), 6 Scuti, or SX Phoenicis stars have been studied in OCs
by Guzik et al. (2023) and Vernekar et al. (2023), as well as in
the stellar system w Centauri by Daszynska-Daszkiewicz et al.
(2025). Furthermore, Hatta et al. (2021) reports a first example
of an asteroseismic modelling of a likely field BSS exhibiting
v Dor pulsations, showing the potential of combining astero-
seismology and parametric models to describe the interiors of
objects with a modified structure, such as BSSs.

In this work, following what was done by Henneco et al.
(2025) for massive stars, we modelled low-metallicity collisional
products using the Make Me a Star (MMAS; Lombardi et al. 2002)
software and compared their internal structure and oscillations
to single-stellar-evolution (SSE) objects of equivalent masses,
focusing on high-order g modes, typical of y Dors. In Sect. 2, we
introduce our grids of SSE and BSS models and briefly describe
the properties of g modes and their influence from chemical
stratifications. In Sect. 3, we present and discuss our results.
Finally, we draw our conclusions in Sect. 4.
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2. Methods

We computed SSE models and merged them to produce a grid
of collisional BSSs. We then computed the g-mode frequencies
for both sets of models and compared the evolutionary tracks,
internal profiles, and g-mode pulsations of SSE and BSS models
with the same mass.

2.1. Model grid

We used the stellar evolution code Modules for Experiments in
Stellar Astrophysics (MESA, version 24.08.1; see Jermyn et al.
2023 and references therein) and the Python package wsssss'
to compute a grid of SSE non-rotating models with masses
between 0.45 Mg and 1.8 My (with steps of 0.01 M) and fixed
Z = 0.01Zy (~ [Fe/H] = —2dex, a metallicity that can be rep-
resentative of stars in GCs). All the specifications adopted for
stellar evolution are reported in Appendix A.1.

We then computed a grid of collisional BSSs using MMAS
(see Appendix A.2 for more details), as done in Glebbeek et al.
(2008) and Glebbeek & Pols (2008) for OCs. We used two MS
profiles from the SSE grid as input profiles for MMAS and con-
sidered head-on collisions, to avoid the effects of rotation (see
Appendix B). We set the MS for SSE objects as the phase
where the central H-mass-fraction, X, was between 0.99X init
and 10~*. After obtaining the profile of the collision product, we
performed a smoothing operation applying a Savitzky-Golay fil-
ter (Savitzky & Golay 1964) by means of the Python package
SciPy (Virtanen et al. 2020). We then used the smoothed profile
as an input for MESA and evolved the BSS with the same input
physics used for SSE models.

The BSS grid was constructed such that the SSE model with
mass equal to the sum of the parent masses lay within the typical
effective-temperature range of y Dor stars (Dupret et al. 2004;
Fellay et al., in prep.). For each selected mass, M, we var-
ied the primary-star mass, M, between M/2 and M — 0.45 M
(with 0.45M,, being the minimum mass in our SSE grid) and
set the secondary-star mass to M, = M — M. In this way, for
each possible BSS, we obtained different combinations of par-
ent masses and, consequently, different mass ratios g = M, /M, .
The final masses obtained for the BSSs are slightly lower (by
~6%) than M| + M, because of the mass lost during the colli-
sion (see Appendix A.2). The time of the collision (i.e. the parent
stars’ age at the moment of the collision), 7o, Was set to ensure
that the BSSs were in the MS phase at t = 12.86 Gyr, which is
the median age of GCs with —2.1dex < [Fe/H] < —1.9dex in
Kruijssen et al. 2019. In the end, our BSS grid was composed of
49 models with masses going from 0.901 Mg, to 1.105 My, (com-
patible with mass estimates from Billi et al. 2024) and g ranging
from 0.625 to 1.

2.2. Asteroseismology

As previously mentioned, since BSSs in GCs populate the y Dor
instability strip, in this paper we focused on exploring y Dor-
type modes, i.e. high-order g modes. Gravity modes are pulsa-
tion modes whose main restoring force is buoyancy. They prop-
agate in radiative zones and decay exponentially in convective
regions. Their characteristic frequency is the Brunt-Viisild (BV)
frequency (Viisdld 1925; Brunt 1927); i.e. the oscillation fre-
quency of a local mass element displaced from its equilibrium

I https://github.com/waltervrossem/wsssss
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Fig. 1. Representation of BSS grid. The x-axis and y-axis report all the
different values of M; and M,, respectively. Each point is divided into
three sectors, indicating the values of X, for the primary (bottom sector)
and the secondary star (left sector) at the time of the collision, and the
value of X, for the BSS at the zero age MS (ZAMS; top right sector).
The colour-coding for X, is reported on the left. The colour-bar ranges
from 0.3 to 0.65. Values out of this range are coloured as the closest
extreme on the colour scale. The BSSs’ masses are reported inside the
plot, rounded to the closest multiple of 0.01.
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Fig. 2. HRDs of collision between an M; = 0.61 M, star and a
M, = 0.51M, star. Left panel: Evolutionary tracks of parent stars
(dashed black lines), with the position of the parent stars at the moment
of the collision (cyan for the primary, red for the secondary). Right
panel: Evolutionary tracks of BSS (orange; dotted lines = relaxation,
solid lines =MS) and of the equivalent-mass SSE star (black dashed
line). The triangle marks where the relaxation phase starts.
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where g is the gravitational acceleration, I'y = (01n P/d1np),q
the first adiabatic exponent, r the distance from the stellar centre,
and P and p pressure and density, respectively.

In the asymptotic regime (i.e. when n > ¢, with n being
the radial order and ¢ the angular degree), assuming chemically
homogeneous, non-rotating, and non-magnetic stars (Tassoul
1980), g-modes with the same £ and consecutive values of n are
equally spaced in period and the period spacing, AP = P,_; — P,
is proportional to the buoyancy travel time, or total buoyancy
radius, defined as
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where r; and r, correspond, respectively, to the inner and outer
turning points of the g-mode propagation cavity (the region
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Fig. 3. Comparison between a 1.05Mg BSS (M; = 0.61 My, M, = 0.51 Mg; orange) and its SSE counterpart (grey) for different values of X,
(0.60, 0.35, and 0.10; from top row to bottom row). Left column: Evolution of X profile in g-mode cavity as a function of normalised buoyancy
radius, I1j/I1,. Centre column: Evolution of N as function of I1y/I1, (solid lines). The dotted orange line represents the FT of the BSS’s PSP, with
the Nyquist limit (Ilp/II, = 0.5) indicated by the dashed black line. Right column: Evolution of PSPs for dipole modes (note that the scales on
the period-axis are not the same for all the panels). In the left and centre panels, a light blue shaded region marks the position of the glitch, which
corresponds to the steepening of the X profile and to the additional peak in the N profile.

where N? is positive). If the integration in Eq. (2) is performed
between r| and a generic position 7 between r| and r,, we obtain
the expression for the local buoyancy radius, I1,. The normalised
buoyancy radius, I1y/I1,, serves as a radial coordinate in the g-
mode propagation cavity.

Given that the BV frequency depends on the chemical-
composition gradient, V,, and that the asymptotic period
spacing depends on the buoyancy radius (see, e.g. Aerts
2021), the period spacing is sensitive to deviations from
the assumption of homogeneous chemical profile. In partic-
ular, as shown by Kawaler (1995) for white dwarfs and by
Miglio et al. (2008) for MS stars with convective cores, a
steepening in the chemical profile produces a sharp peak in
V, and, consequently, in N2. This makes the g-mode period-
spacing pattern (PSP) a tool for investigating chemical anoma-
lies in BSSs compared to the SSE objects of the same
mass.

We then computed, both for SSE and BSS models, adiabatic
oscillation frequencies for dipole (£ = 1) modes using the stellar
oscillation code GYRE (Townsend & Teitler 2013), version 8.0.
We looked for oscillation modes in a period interval compat-
ible with observations from Li et al. (2020). Finally, we com-
pared BSS and SSE models of the same mass, looking at the
evolution of the PSPs, hydrogen composition profiles and BV
frequency profiles for different values of the central hydrogen
mass-fraction.

3. Results and discussion

We first describe the general properties of our grid, and then
discuss the comparison between a BSS and an SSE object with
equivalent mass for a specific case. Similar results for other cases
are reported in Appendices C and D.

The main effect of varying g at fixed BSS mass (Mpgss) and
tcon 1s that it changes the parent stars’ evolutionary stage. In par-
ticular, for lower values of ¢, the primary star is more massive
and, consequently, more evolved and poorer in hydrogen with
respect to primary stars in cases of higher mass ratios. Anal-
ogously, the secondary star is less massive and, consequently,
richer in hydrogen. This has effects on the initial chemical com-

position of the BSS. Specifically, in our grid we observe that a
decrease in g produces BSSs with lower values of X, (see Fig. 1).

Before evolving along the MS, BSSs undergo a relaxation
phase during which the structure contracts, heats up, and devel-
ops a convective core. Similarly to what we did for SSE stars
(see Sect. 2.1), we set the start of the MS to the time when
X. was equal to 99% of its maximum value reached during the
relaxation phase. In all cases, the relaxation phase lasts for less
than 100 Myr. Examples of the evolution in the Hertzsprung-
Russell diagram (HRD) of some BSSs in our grid are pro-
vided in Fig. 2 and in Appendix C. Notably, BSSs’ tracks are
almost indistinguishable from those of SSE models of the same
mass.

Despite these nearly identical surface properties, the inter-
nal chemical stratification of BSSs differs significantly, and this
contrast leaves a clear seismic imprint. Indeed, as shown in
Fig. 3 (and the same holds for the entire grid; other examples are
reported in Appendix D), the H-mass-fraction of the BSS, dif-
ferently from its SSE counterpart, presents an additional steep-
ening within the radiative zone. This steepening, as discussed in
Miglio et al. (2008), produces sharp peaks in the chemical gradi-
ent and in the BV profile, leading to a periodicity in the PSP. The
presence of an additional peak in the BV frequency profile of
collision products has also been shown by Henneco et al. (2025),
in the case of massive stars. We verified that the periodicity in the
PSP is associated with the peak in the BV profile using both the
Fourier transform (FT) of the PSP (see, e.g. Guo 2025) and the
comparison between the local wavelength of g modes, A,, and
the BV frequency scale height, Hy (see, e.g. Cunha 2020; Hatta
2023, and Matteuzzi et al. 2025). During the evolution along the
MS, the steepening in X and the additional peak in N reduce
in intensity, leaving signatures on progressively shorter g-mode
oscillation periods, and move through the external part of the g
cavity.

Finally, we varied the periastron radius of the orbit, rp, for the
specific case analysed in this section. As expected from the for-
mulation adopted in MMAS, we found that off-axis collisions pro-
duce BSSs with higher values of the specific angular momentum,
as discussed in Appendix B, suggesting a framework to explore
possible angular momentum distributions and internal rotation,
which can be inferred using asteroseismic constraints.
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4. Conclusions

We present the first seismic analysis of low-metallicity colli-
sional BSS models, comparing them with SSE stars of equal
mass. Our results show that collision products follow very sim-
ilar evolutionary tracks with respect to their SSE counterparts.
Most importantly, we demonstrate the potential of g-mode pulsa-
tions to probe BSS interiors. We find clear seismic signatures of
collisions in the theoretical spectra: the altered chemical stratifi-
cation of BSSs produces an additional slope change in the chem-
ical composition profile, an additional peak in the BV frequency,
and periodic modulations in the pulsation spectrum. These fea-
tures provide a direct probe of their internal structure and open
the way to constraining BSS formation channels with astero-
seismology. Extending the analysis to higher metallicities, dif-
ferent impact parameters, and to the study of internal rotation
could prove essential to finding further evidence of their distinct
structure and history. Equally important will be systematic com-
parisons with existing data from Kepler (Borucki et al. 2010;
Gilliland et al. 2010) and with observations from future or can-
didate missions such as PLATO (Rauer et al. 2025) and HAYDN
(Miglio et al. 2021).
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Appendix A: Stellar models

In this appendix we describe in detail the prescriptions we
adopted in the stellar evolution code MESA and how the software
MMAS works.

A.1. Stellar evolution

As already mentioned in Sec. 2.1, we used MESA, version
24.08.1, to compute the SSE grid and evolve the collision prod-
ucts obtained from MMAS. We adopted the solar metal mixture
from Asplund et al. (2009) and obtained from the solar calibra-
tion Yo inie = 0.268 and Zg jnir = 0.016 as initial abundances for
the Sun and a mixing length parameter oy = 1.97, accord-
ing to the formulation in Cox & Giuli (1968). Assuming a linear
enrichment law and setting Yp = 0.2485 (Komatsu et al. 2011),
we obtained an enrichment ratio AY/AZ = 1.218.

We included atomic diffusion, as well as a turbulent mix-
ing prescription described in Richer et al. (2000, see Eq. 1). Fur-
thermore, we adopted an exponential convective overshooting
(Herwig 2000), with the temperature gradient adjustment from
Michielsen et al. (2023) and setting D™" = 1072 cm?/s as the
minimum diffusion coefficient, as suggested in Buchele (2025).
The overshooting efficiencies have been set to foycore = 0.018
for the convective core and foyeny = 0.025 for the convec-
tive envelope in both cases. Finally, for the atmosphere bound-
ary conditions, we used the T(tr) relation presented in Ball
(2021) and based on Trampedach et al. (2014) The inlists and
run_star_extras. f are available online?.

A.2. Make Me A Star

The starting profiles of the BSSs have been computed using
MMAS (Lombardi et al. 2002), which is based on approximation
of results from smoothed particle hydrodynamics. This code
takes as inputs the profiles of the parent stars at the time of the
collision and the periastron separation of the initial parabolic
orbits (rp) and performs as a main operation an entropy sort-
ing, i.e. a process that takes into account that fluid particles
with lower specific entropy sink to the stellar centre. This is
done by ordering each layer from the parent stars such that the
entropic variable A increases monotonically from the centre to
the surface. The entropic variable A is defined as A = P/p"
(see Eq. 1 from Glebbeek et al. 2008 for its dependence on spe-
cific entropy). Since entropy, hence A, is constant in convective
regions (except for the outer layers of the envelope, in which the
thermal gradient is super-adiabatic), elements coming from con-
vective zones of the same parent stars will also be contiguous
in the collision product. In addition, MMAS takes into account the
mass-loss and shock heating due to the collision, with formu-
lations based on results from smoothed particle hydrodynamics
simulations. In particular, the mass-loss is expressed as a fraction
of the sum of the parent stars’ masses, M| and M>:

_ My + M) — Mgss
M1 + M2
— ¢ q R1,0.86 + R2,0.36 ,
(1+g)?Rios +Roos + corp

Ju

(A.1)

where ¢; = 0.157 and ¢, = 1.8 are fixed parameters, and R; 5
and R; g are the radii of the i-th parent star containing 50% and
86% of its mass, respectively. In our grid the mass-loss is around
~ 6%, with a slight increase for higher values of g (see Fig. A.1).

2 https://doi.org/10.5281/zenodo.17735309

Finally, shock heating produces an increase of the entropic vari-
able A, dependent on a function of 7p and on the pressure P of
each layer (see Sec. 2.2 from Lombardi et al. 2002).
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Fig. A.1. Representation of our BSSs’ grid with points coloured by the
percentage of mass lost during the collision.
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Appendix B: Off-axis collisions

As mentioned in Sec. 2.1, we built our BSSs grid considering
only head-on collisions, to not consider the effects of rotation.
We discuss in this appendix the consequences of changing the
impact parameter of the collision.

In MMAS it is possible to set the value of the periastron radius
of the initial parabolic orbit, 7p, in units of the sum of the radii
of the parent stars, respectively R, and R,. The possible values
range from O (head-on collision) to 2. The first dependence on
this parameter is related to the mass lost in the collision. As
described by Eq. A.1, the mass-loss is inversely proportional to
rp. This means that MMAS produces more massive BSSs for off-
axis collisions (i.e., for higher values of rp), when the parent
stars are fixed (see Fig. B.1). We also observed that for off-axis
collisions the BSS has a larger radius (see Fig. B.1).

YV~ Mgss v V2 v P X ‘10
1.10| A~ Rass A2 '
—_ 8 _
s v A <
1.08 , 6 =
= A 2
s 3
A 4
1.06 A
" 2
00 02 04 06 08 1.0 12 14
e

Fig. B.1. Mass (orange) and radius (light blue) of a collision product
(M, = 0.61 Mg, M; = 0.51 M) as functions of the periastron radius,
Ip.

The choice of rp has consequences also on the rotation of the
BSS. Specifically, the total angular momentum of the collision,
Jiot» which is the sum of the BSS’ angular momentum, Jpgs, and
a component due to mass-loss, increases with increasing rp:

Jiot = JBss + Cofrdior =

= M M>[2Gre /(M + M)]'"?, (B.1)
where cg = 2 is a fixed parameter, fi is defined by Eq. A.1,
G is the gravitational constant, and M, and M, are the parent
stars’ masses. From Eq. B.1 we observe that, while for head-on
collisions we obtain non-rotating products, in the case of off-
axis collisions, for increasing values of rp, the specific angular
momentum, j = Jgss/m (with m being the mass coordinate),
increases, producing BSSs with higher rotational velocities (see
Fig. B.2).

x10'® 1.50
8 1.25
Z6 1.00
i 0.75&
54
= 0.50
2
0.25
0 0.00
0.0 02 04 06 08 1.0 :
riR.

Fig. B.2. Profiles of the specific angular momentum, j, of a collision
product with M; = 0.61 M, and M, = 0.51 Mg, coloured by the value
of the periastron radius, rp.
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Appendix C: Hertzsprung-Russell diagrams

We report in this appendix additional examples of HRDs of col-
lisions for different values of the mass-ratio, ¢, and of the final
mass, Mgss.

Parent stars (tcon =5.60 Gyr) Collision product (M =0.90 M)

i © M =M,;=048Mo 0.8
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————— SSE BSS (MS) BSS (relaxation)

Fig. C.1. Same as Fig. 2 but for a 0.90 Mg BSS (M, = M, = 0.48 My).
Given that the primary and the secondary stars occupy the same position
in the HRD, we omitted the red point in the left panel.

Parent stars (tcon = 6.84 Gyr) Collision product (M =0.95 M)
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Fig. C.2. Same as Fig. 2 but for a 0.95
M, = 0.45 Mp).

M, BSS (M, = 0.56 M,

Parent stars (tcon = 9.23 Gyr) Collision product (M=1.10 My)
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Fig. C.3. Same as Fig. 2 but for a 1.10 My BSS (M; = 0.71 M,
M, =0.46 My).
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Appendix D: Internal profiles and period spacing patterns

We provide in this appendix the comparison between BSSs and their SSE counterparts on the chemical and BV frequency profiles
in the g-mode cavity, and on the PSP, for different values of the mass ratio in the collision.

Hydrogen mass-fraction profile Brunt-Vaisala frequency profile Period spacing (£, m) =(1,0)
X. = 0.60 | % 0.005 X =060 0.5’\ as 8 X,
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° DS . % Z i aa
<050 P £ —_ Ey A it
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Fig. D.1. Same as Fig 3 but for a 0.90 Mg BSS (M, = M, = 0.48 My).
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Fig. D.2. Same as Fig 3 but for a 0.95 Mg BSS (M, = 0.56 My, M, = 0.45 My).
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Fig. D.3. Same as Fig 3 but for a 1.10 My, BSS (M, = 0.71 Mg, M, = 0.46 M) and only for X, = 0.35,0.10. In the first row we highlighted two
glitches (two steepenings in the X profile, two peaks in the BV profile), which produce beatings in the PSP.
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