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ABSTRACT

The detection of billion-solar-mass supermassive black holes (SMBHs) within the first billion years of cosmic history challenges
conventional theories of black hole formation and growth. Simultaneously, recent JWST observations revealing exceptionally high
nitrogen-to-oxygen abundance ratios in galaxies at high redshifts raise critical questions about rapid chemical enrichment mechanisms
operating in the early universe. Supermassive stars (SMSs) with masses of 1000-10 000 M, are promising candidates to explain these
phenomena, but existing models have so far neglected the pivotal role of stellar rotation. Here we present the first comprehensive
evolutionary models of rotating Pop III SMSs computed using the GENEC stellar evolution code, including detailed treatments
of rotation-induced chemical mixing, angular momentum transport, and mass loss driven by the QI" limit. We demonstrate that
rotation significantly enlarges the convective core and extends stellar lifetimes by up to 20%, with moderate enhancement of mass-
loss rates as stars approach critical rotation thresholds. Our results further indicate that the cores of SMSs rotate relatively slowly
(below ~200km s™"), resulting in dimensionless spin parameters a* < 0.1 for intermediate-mass black hole (IMBH) remnants that
are notably lower than theoretical maximum spins. These findings highlight rotation as a key factor in determining the structural
evolution, chemical yields, and black hole spin properties of SMSs, and provide critical insights into the observational signatures

from the high-redshift universe and their interpretation.
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1. Introduction

The discovery of luminous quasars hosting billion-solar-mass
supermassive black holes (SMBHs) at redshifts z > 7 poses
significant theoretical challenges to our understanding of black
hole formation and growth in the early universe (Mortlock et al.
2011; Wu et al. 2015; Banados et al. 2018). The existence of
these massive objects within the first billion years necessitates
rapid formation pathways, motivating models invoking heavy
seed black holes originating from the direct collapse of primor-
dial gas into supermassive stars (SMSs) in the mass range of
103-10° M, (Latif et al. 2016; Smidt et al. 2018; Inayoshi et al.
2020; Latif et al. 2022; Patrick et al. 2023). Complementary evi-
dence from recent JWST observations further complicates this
picture, revealing galaxies at z > 8 with anomalously high
nitrogen-to-oxygen ratios (N/O), significantly exceeding stan-
dard enrichment scenarios (Cameron et al. 2023; Nakajima et al.
2023; Isobe et al. 2023; Larson et al. 2023). These observa-
tions suggest the early universe hosted exotic stellar popula-
tions capable of rapid chemical enrichment (Bunker et al. 2023;
Marques-Chaves et al. 2024; Liu et al. 2025).

Several mechanisms have been proposed to explain these
chemical anomalies, including enrichment by Wolf-Rayet star-
bursts, asymptotic giant branch (AGB) stars, and extremely
massive stars (Vink 2023; Nandal et al. 2024c). Wolf—-Rayet
stars and AGB stars, while prolific nitrogen producers, typically
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require metallicities or evolutionary timescales that are incom-
patible with observed high N/O values at such early epochs
(Cameron et al. 2023). Alternatively, SMSs are compelling can-
didates due to their potential to synthesize and rapidly dis-
perse large amounts of primary nitrogen, produced through effi-
cient CNO cycling in their cores, into their surrounding envi-
ronments via strong mass-loss events or explosive endpoints
(Nagele & Umeda 2023; Nandal et al. 2025a).

Hydrodynamical simulations have demonstrated viable
conditions for SMS formation possibly via strong exter-
nal Lyman—Werner radiation (Latif et al. 2014; Schauer et al.
2017; Regan et al. 2017) or dynamically heated environments
(Regan et al. 2017; Wise et al. 2019; Regan et al. 2020b), or
through the suppression of fragmentation by baryon-dark mat-
ter streaming motions (Schauer et al. 2017; Liuetal. 2024,
Ishiyama & Hirano 2025). More recent simulations also show
that rapid mass growth via cold accretion flows can lead to
SMS formation (Latif et al. 2022; Kiyuna et al. 2023, 2024).
Such conditions permit the formation of very massive objects
and subsequently massive seed black holes, directly address-
ing the SMBH timing problem (Woods et al. 2017; Whalen et al.
2020). In instances where the host dark matter halo can grow
to sufficient masses, the gas inflow rate into the central regions
of the halo can exceed 1072-107! M, yr~!, allowing SMSs to
form in such halos. An alternative pathway that facilitates such
high accretion rates is the Population III.1 (Pop III.1) model,
which invokes heating from weakly interacting massive particle
(WIMP) annihilation (Spolyar et al. 2008; Tan et al. 2024). In

A262, page 1 of 11

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202555878
https://www.aanda.org
http://orcid.org/0000-0003-1927-4397
http://orcid.org/0000-0001-6357-1992
http://orcid.org/0000-0001-6646-2337
http://orcid.org/0000-0001-9072-6427
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Nandal, D, et al: A&A, 701, A262 (2025)

this scenario, the slow collapse of gas within an isolated pristine
mini-halo can adiabatically contract the co-located dark matter,
thus boosting its density to a level where WIMP annihilation
becomes a dominant energy source for the forming protostar
(Banik et al. 2019). This energy injection supports the protostar
in an inflated ‘swollen’ state, maintaining a cool photosphere
(~10*K) that emits few ionizing photons (Nandal et al. 2025a).
The resulting suppression of radiative feedback allows the star to
bypass the mass limit typical of standard Pop III stars and grow
efficiently, potentially reaching supermassive scales of ~10° M,
by accreting the bulk of its host mini-halo’s baryonic content
(Singh et al. 2023).

In some cases (where high accretion rates can be main-
tained; Latif et al. 2021), protostellar growth to ~10° M can
be achieved before the general-relativistic instability triggers
collapse to a massive black hole seed (Baniketal. 2019;
Wise et al. 2019; Regan et al. 2020a; Regan 2023; Singh et al.
2023; Herrington et al. 2023). However, current stellar evolu-
tion models for SMSs assume no rotation, and thus neglect
centrifugal support and rotationally induced chemical mixing.
State-of-the-art stellar evolution models also omit rotationally
enhanced mass loss and angular momentum transport that deter-
mines black hole spin, precluding theoretical predictions of rem-
nant spin distributions (Woods et al. 2020; Nandal et al. 2023).

Rotation significantly influences massive star evolution by
enhancing internal mixing through meridional circulation and
shear instabilities, enlarging convective cores, and extending
stellar lifetimes (Maeder 1997; Heger et al. 2000; Ekstrom et al.
2012; Nandal et al. 2024b). In standard massive stars (~10-
120 M), rotation can induce chemically homogeneous evolu-
tion, drastically altering their evolutionary pathways and final
fates (Yoon & Langer 2005; Yoon et al. 2012). Additionally,
rotational mixing affects stellar surface abundances, enriching
atmospheres with processed elements such as helium and nitro-
gen much earlier than in non-rotating stars (Brott et al. 2011;
Limongi & Chieffi 2018; Murphy et al. 2021; Tsiatsiou et al.
2024; Nandal et al. 2024d). Rotation also enhances mass-loss
rates through mechanical winds, particularly near critical rota-
tion thresholds, thereby significantly influencing stellar mass
evolution and the resulting remnant masses (Langer 1998; Vink
2018).

Near the Eddington limit, the interplay between radia-
tion pressure and rotation results in the QI' limit, a thresh-
old where effective gravitational acceleration at the stellar sur-
face nearly vanishes (Langer 1998; Maeder & Meynet 2000).
Stars approaching this limit experience drastically enhanced
mass loss, even at rotation rates below classical break-up veloci-
ties (Glatzel 1998; Owocki et al. 2004). This rotational-radiative
instability is particularly relevant for SMSs, given their inher-
ently high luminosities near the Eddington limit, potentially
imposing strict caps on their rotation and significantly influ-
encing their evolution and ultimate fates (Owocki et al. 2004;
Sanyal et al. 2015).

Rotation critically impacts the angular momentum con-
tent and resulting spins of black hole remnants from mas-
sive stars (Heger et al. 2000). Intermediate-mass black holes
(IMBHs), including those from SMS collapse, inherit angu-
lar momentum profiles established during stellar evolution
(Woosley & Heger 2006; Fryer & Heger 2011). Black hole spins
strongly affect accretion disk dynamics, jet production, and
gravitational-wave emission during mergers, thereby influenc-
ing their observational signatures and theoretical interpreta-
tions (Berti & Volonteri 2008; Barausse 2012). Understanding
the rotational evolution of progenitor stars thus provides crucial
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constraints on IMBH spins, with direct implications for SMBH
formation scenarios through hierarchical merging (Sesana et al.
2009).

To date, no models of SMSs above 1000 M, with rotation
have been created, leaving substantial uncertainties in the pre-
dictions of the evolution of these SMSs and their ultimate fates.
Motivated by observational puzzles and theoretical imperatives,
we present in this paper the first comprehensive set of rotating
evolutionary models for Population III SMSs with masses of
1000-10000 M. Our models incorporate detailed treatments of
rotation-induced mixing, angular momentum transport, and the
effects of the QI limit.

In Section 2 we describe our numerical methods and input
physics, including the implementation of rotation in the stellar
evolution code GENEC. Section 3 presents detailed evolution-
ary results, highlighting the influence of rotation on stellar life-
times, internal structures, and mass loss. In Section 4 we com-
pare our rotating SMS models to previous non-rotating calcula-
tions and discuss their implications for early chemical enrich-
ment and SMBH seed formation scenarios. Finally, in Section 5
we summarize our key findings and outline promising directions
for future research.

2. Methods

We present the first rotating models of supermassive (1000-
10000 M) Pop III stars and investigate the effects of the
QI' limit on their evolution. These models use the same
numerical set-up and physics prescriptions as in prior non-
rotating studies (Nandal et al. 2024a), differing only by the
inclusion of rotation and thereby isolating its effects. All the
models were computed using the Geneva Stellar Evolution
Code (GENEC; Eggenberger et al. 2008; Ekstrom et al. 2012;
Nandal et al. 2024b).

2.1. Initial ZAMS structures

For stellar masses exceeding about 1000 M, the notion of a clas-
sical ZAMS is not well defined. We therefore began by con-
structing non-rotating, accreting pre-MS Pop III models using
the tracks of Nandal et al. (2025a). These tracks begin at 2 M
and, under constant accretion rates, grow until the target mass
(between 1000 My and 10000 M,,) is attained. While accretion
in nature is highly variable (Regan et al. 2020a), the final ZAMS
structure is primarily determined by the star’s total mass and
composition, as it reaches thermal equilibrium during the final
contraction phase, largely erasing the memory of its prior accre-
tion history (Nandal et al. 2023). Despite remarkable successes
in the 3D hydrodynamic simulations that account for angular
momentum transport in the pre-MS (Hirano & Bromm 2018;
Kimura et al. 2023), a self-consistent 1D prescription for stellar
evolution codes does not yet exist in the literature. Therefore, our
pre-MS models do not include rotation. In addition, this allowed
us to generate a consistent set of non-rotating ZAMS models to
serve as a baseline for our study.

Rotation was then introduced with surface velocities of 0.01,
0.05, and 0.10 of the critical Keplerian velocity (v/v.). These
relatively low rates were chosen specifically to test the regime
where the QI limit is predicted to become important for these
massive stars (Maeder & Meynet 2000; Haemmerlé 2021) and
to quantify its effect from the onset of the main sequence. The
construction of these initial rotating models is detailed below.

The initial structure for each rotating model was generated
using a dedicated numerical procedure with three key steps:
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1. Contraction to the ZAMS: Once a non-rotating pre-MS
model reaches its final target mass, accretion is terminated.
The model contracts on a Kelvin—Helmholtz timescale until
it reaches its highest effective temperature, at which point its
structure is in near-thermal equilibrium. The resulting com-
position was X = 0.7516; Y = 0.2484; Z = 0. The physical
parameters of this non-rotating ZAMS model, including the
profiles of pressure, temperature, density, and chemical com-
position are then extracted.

2. Incorporation of Rotation: The extracted non-rotating struc-
ture served as the input for a new GENEC simulation via a
dedicated FORTRAN routine. At the start of this run, angular
momentum was injected to produce the desired surface rota-
tion rate (e.g. 0.1 v/veit). The mapping from the non-rotating
structure to the rotating one is handled by a dedicated FOR-
TRAN wrapper that passes the full radial grids of P; T’; p;
and X; to GENEC. The code then self-consistently evolves the
transport of angular momentum and chemical species.

3. Relaxation to a Rotating Equilibrium: After rotation is intro-
duced, the model evolves for several thousand years. This
timescale is negligible compared to the main-sequence life-
time but is sufficient for the star to dynamically and thermally
relax to a stable, rotating equilibrium. We define this con-
verged state as the rotating ZAMS. The model settles on the
blue side of the HR diagram at its maximum 7.g, which we
adopt as the ZAMS reference point. This procedure ensures
our investigation begins from a physically consistent starting
point.

The main sequence is defined to begin when the central hydrogen
mass fraction, X, has decreased by 1073 from its initial value,
and to end when X, falls below 10~>. These self-consistent initial
models set the stage for our rotational prescription, described
next.

2.2. Treatment of rotation

We adopted the shellular rotation framework of Zahn (1992),
in which strong horizontal turbulence enforces nearly uniform
angular velocity on isobaric surfaces. The transport of chemical
species is described by a purely diffusive equation:

0X; 1 0 5 0X;

—| == =|pr* Depemn —|. 1
P ot Y 2 6r(,0r chem ar) (1)
Here X; is the mass fraction of species i,

Dchem = Dshear + Deff, (2)
and

1 [rU.(0)
Dur = = LLOL 3)

30 Dy

We took Dgpenr from Maeder (1997) and the horizontal turbu-
lence Dy, from Zahn (1992). Both prescriptions are standard in
Geneva-type models of massive stars up to 120 M.

The angular momentum distribution is evolved through the
Lagrangian form

0 1 0 10 0Q
pa(rzﬂ)Mr = ﬁa[pr“QUg(r)] + ﬁE[pDa“g’A E],
“4)

where Q is the (shellular) angular velocity, U,(r) denotes the
radial component of the meridional circulation, and Dy, =
Dypear for these non-magnetic models.

Additional physics is captured by the effective diffusion
coeflicient D.g, which accounts for the mixing induced by the
interplay of meridional circulation and horizontal turbulence.
Our prescription for Dgpe,r models the destabilizing effect of dif-
ferential rotation countered by the stabilizing influence of ther-
mal and compositional gradients, leading to efficient mixing in
the radiative zones. Furthermore, the assumption of strong hor-
izontal turbulence smooths out latitudinal variations, allowing
a one-dimensional (radial) treatment of the mixing. These rota-
tional transport mechanisms critically affect both the chemical
stratification and angular momentum distribution, thereby influ-
encing the evolutionary paths of our supermassive star models.

Line-driven winds at Z = 0 were included using the H
and He resonance line prescription of Kudritzki (2002) and
Ekstrom et al. (2008) for log(L/Ly) > 6. The formalism retains
the canonical M o (Z/Z)" scaling and channels photon
momentum through the strongest hydrogen and helium tran-
sitions. This yields rates far below those of metal-rich coun-
terparts yet provides a physically motivated sink of surface
angular momentum. This results in extremely low mass-loss
rates, where even the most massive 9000 M model only loses
~2 M, by the end of the main sequence. Pulsation-driven mass
loss is poorly constrained at zero metallicity and is therefore
excluded. The models thus evolve at almost constant mass until
the surface reaches the QI' limit and rotational-radiative cou-
pling drives outflows.

2.3. The QI limit

Massive stars approaching the Eddington limit experience a
reduction of their effective gravity due to the combined effects
of centrifugal and radiative forces (Langer 1998; Glatzel 1998;
Maeder & Meynet 2000). In our shellular rotation framework the
total effective gravity is written as

ot = Gert (1 =), &)

where geg = gorav + grot and goray = GM/ r? is the gravitational
acceleration (with gravitational constant G, stellar mass M, and
local radius r), and g, is the centrifugal acceleration. Here I'
represents the local Eddington factor, which compares the actual
radiative flux to its maximum allowed value and may vary with
latitude due to gravity darkening.

Setting gix = 0 leads to two distinct critical velocities. The
first critical velocity is obtained by neglecting radiative forces,
so that geg = 0, which yields the classical break-up condition,

ZZGM
crit,1 = s 6
Ucrit,1 3pr (6)

where Ry, is the polar radius at break-up. In the presence of sig-
nificant radiative acceleration, a second solution arises by impos-
ing geg (1 =) = 0, i.e. when I' = 1. This yields a lower critical
velocity that accounts for both rotational and radiative effects.
Following Maeder & Meynet (2000), the second critical veloc-
ity is
Uzm,z = Q’ R (w)

_ 81 [1 -Tmax|GM

16 V'(w) RS (w)

R (@)
Rw) ’

9
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where Q is the angular velocity; R.(w) is the equatorial radius for
a dimensionless rotation parameter w; Rep(w) is the equatorial
radius at break-up; ',y is the maximum Eddington factor over
the stellar surface; and V’(w) is a dimensionless function of w
(see Maeder & Meynet 2000 for further details). In the QI limit,
defined by the condition I' = 1, even moderate rotation drives
the star to break up, leading to dramatically enhanced mass loss.
This second solution, v 2, becomes physically relevant for stars
with I'max 2 0.639, a regime typical of our supermassive star
models.

In our models, when the surface equatorial velocity, veq,
approaches this second critical velocity, veir2, the star enters
a phase of intense mechanical mass loss. This process is not
treated with a continuous wind prescription but is implemented
as a numerical enforcement of the physical limit. The code con-
tinuously monitors the ratio veq/verit2. If this ratio reaches unity, a
mass-loss routine is activated that removes the necessary amount
of mass (AM) and angular momentum from the surface layer in
that timestep to ensure the star remains just below the critical
limit in the subsequent step. The mass-loss rate is thus dynami-
cally calculated by the code to enforce the condition

y Mneeded
M = . )
0 if Veq < Verit2

if Veq = Ucrit2

®)

where Mceqeq iS the rate required to maintain the star at the sta-
bility boundary. This self-regulating mechanism effectively caps
the surface rotation of the star.

3. Results

We show the evolution of the three SMSs at v/ve; = 0.01,
0.05 and 0.1 in the HR diagrams in panels a, b, and c of
Figure 1 respectively. Total lifetimes (column 3), times spent
as blue supergiants (column 4) and red supergiants (column 5)
are shown in Table 1 along with convective core mass fractions
(columns 6 and 10), equatorial velocities (columns 7 and 11),
total angular momenta (columns 8 and 12) and Eddington fac-
tors (columns 9 and 13).

3.1. Evolution in the HR diagram

All three sets of models begin their lifetimes as hot and com-
pact blue supergiants with stellar stellar radii of 16-55 R and
an effective temperature around 88 000 K. Following a short con-
traction phase that lasts a few thousand years, all models reach a
central temperature of log () = 8.15, marking the start of core
hydrogen burning. All models possess large convective cores
that make up about 95% of the total star in mass. As hydrogen
continues to fuse in the convective core, the total energy gener-
ated is initially dominated by the pp chain. However, the cen-
tral temperature is high enough for the 3-a reaction to produce
12C and once its central abundance exceeds a mass fraction of
10719, the CNO cycle is initiated. The energy generation from
CNO burning contributes significantly to the total energy pro-
duction of the star, and this energy is transported from the centre
to the surface. A fraction of this energy goes into in expanding
the envelope, thereby increasing the stellar radius. As the models
continue to deplete their central hydrogen reservoir, their stel-
lar radius increases as they steadily begin their transition into
red supergiant protostars with stellar radii varying from 120 to
10000 R.

The expansion of the stars naturally affects their equatorial
velocities throughout their evolution. For instance, the equato-
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rial velocities range between 26 and 44 km s~! at the start of core
hydrogen burning, making these particular models slow rota-
tors in spite of their compact size. This is simply due to the
choice of initial rotation, which is based on the QI" limit, and
is explored in a later section. These equatorial velocities later
fall to nearly zero, especially in case of more massive models
(5000-10 000 My,) as the central hydrogen is depleted. An inter-
esting feature to note here is the position of the tracks in the
HR diagram at the end of core hydrogen burning. We find that
as SMS mass increases, core hydrogen burning ends in a more
red-ward position in the HR diagram. This result is in agree-
ment with standard rotating 9-120 M, star models. The main-
sequence lifetime of these stars ranges from 1.0 Myr (10 000 M)
— 1.6 Myr (1000 My,), as shown in column 2 of Table 1. Although
the mass difference between the two models is one order of mag-
nitude (1000%), the difference in age is only 60%. This is a due
to a shift in the luminosity-mass relationship, where the scaling
shifts to L o« M. In addition, all models spend the majority of
their lifetimes (90-100%) on the blue side of the HR diagram
(log (Tes) > 4), as seen in columns 4 and 5 of Table 1.

As shown in panel b of Figure 1, the 0.05 v/v.i SMS exhibits
evolutionary trends in nuclear reaction rates, effective temper-
atures, and convective core properties that are quite similar to
those of the 0.01 v/vey model. The slight but important differ-
ences arise in the total main-sequence lifetimes, as they range
from 1 Myr (10000 My) — 1.74 Myr (1000 My,), as shown in col-
umn 2 of Table 1. This increase in lifetime on the lower-mass
end, for instance at 1000 M, is around 7% larger than the same
star at the lowest rotation rate. This effect is primarily due to
stronger elemental mixing (in this case hydrogen) during the
main sequence made possible by the increased rotation rate.
Hydrogen from the radiative envelope is dredged down to the
convective core by rotational mixing facilitated by meridional
currents, which partially resupplies the core and extends its size.
This can be seen in columns 6 and 10 of Table 1, where the
convective core mass fraction, M., is larger for the 0.05 v/vcri
models than for the corresponding 0.01 v/v.i models, especially
by the end of core hydrogen burning. Because of the higher rota-
tion rate, the equatorial velocities (columns 7 and 11 of Table 1)
are naturally higher for 0.05 v/v. models at the onset of core
hydrogen burning, but this trend is not seen at the end of core
hydrogen burning in the 5000-10000 M; models. These stars
also approach the Hayashi limit and their radii, and therefore
their equatorial velocities, are identical to those of the 0.01 v/v¢it
models. The total angular momentum L, reservoirs (columns 8
and 12 of Table 1) of these models are also higher throughout
their evolution. A point of similarity between the two sets of
models here is the Eddington factor (I'.qg), shown in columns
9 and 13 of Table 1. All models, independent of rotation rates,
exhibit very high I'.qq, which makes them susceptible to the QI'
limit (see Section 3.4).

The general evolutionary trends of the 0.1 v/vey model
shown in panel c of Figure 1 are again similar to those at 0.01 and
0.05 v/verit, with a few additional insights. The extent of chem-
ical mixing in these models is highest among the three rotation
rates and produces the largest M. This in turn extends their
lifetimes by another few percent when compared to the 0.05
/v models. Stronger mixing also boosts energy production
in the stars. As this energy propagates through the stellar inte-
rior it expands the envelope to even greater radii than those of
the other two sets of models, ensuring that stars at these high-
est rotation rates spend the longest times in the red (column 5 of
Table 1) and subsequently end the main sequence on the red side
of HR diagram. Although these models have the highest initial
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Fig. 1. SMS evolution on the HR diagram. The colourbar indicates central H mass fractions, X., and the shaded red regions show the isoradii lines:
the lightest shade corresponds to log (R/R;) = 1 and the darkest shade to log (R/Rs) = 4. The white outline around the stellar tracks correspond
to the evolutionary stage where the QI'-limit is encountered. Top row: 1000—10 000 M, stars at initial rotation rates v/v.; = 0.01 (a), 0.05 (b), and
0.10 (c). Bottom row: comparison of rotation rates at a given mass, 1000 M, (d), 5000 M, (e), and 9000 M, (f).

equatorial velocities and total angular momentum reservoirs,
these velocities drop to zero once they approach the Hayashi line
and become red supergiants.

We compare the evolution of 1000 My, 5000 M, and
9000 M, stars at all three rotation rates in panels d, e, and f
of Figure 1. The effect of rotational mixing is evident in the
1000 M, HR tracks when they begin to diverge after beginning
the main sequence at the same place in the HR diagram. The
0.01 v/vgy star exits the main sequence with log (L/Lg) = 7.51
and log (T = 4.6. As chemical mixing is enhanced by higher
rotation rates, the 0.05 v/v. star becomes slightly more lumi-
nous, log (L/Lg) = 7.53 and cooler, log (T.s) = 4.5. This effect
is enhanced in the 0.1 v/vyy model, where log (L/Ly) = 7.56
and log (Tex) = 3.8. At log (L/Ly) = 7.525, the 0.1 v/veri
model fluctuates between the red and blue sides of the HR dia-
gram because I'.qq exceeds 0.9, causing the star to encounter
the QI limit. The consequences of this limit will be discussed
later.

The effects of different rotation rate are also evident in the
5000 M models in panel e of Figure 1, as the luminosities vary
by ~ log (L/Ls) = 0.075. The effective temperature of the 0.05
0/verie SMS is much higher than for the other two models, as it
ends its core hydrogen burning stage at log (Teg) = 4.4. Gen-
erally, this effect can be attributed to stronger mixing in the
convective core induced by rotation and this fact is true when
comparing the 0.01 v/v.q and 0.1 v/v.y models. The 0.1 v/ver
star is indeed redder because of stronger rotational mixing,
which allows more efficient transport of hydrogen into the core

and builds up the helium core at a higher rate. This raises the
luminosity even higher and the model approaches the Edding-
ton luminosity sooner. But 0.05 v/v.;; being less red than 0.01
v/verie could be attributed to the core properties and temperature
sensitivity of the CNO cycle. In the case of 0.05 v/v. the initial
production of >C by 3« is delayed, which in turn affects energy
production by the CNO cycle. The 0.1 v/v.; star also encounters
the QI limit at log (L/Ly) = 8.256.

Finally, for the 9000 My models shown in panel d of
Figure 1), the trends are also quite similar to those of the
1000 M models but the difference in luminosities in the fastest
versus slowest rotating models is even smaller, log (L/Ly) =
0.007. At such high masses, all models reach the red side of the
HR diagram before the end of core hydrogen burning, with near-
zero equatorial velocities. The value of ['¢yq is also quite similar
for the three rotation rates, about 0.965. The 0.05 v/v. model is
on the verge of the QI limit and 0.1 v/v;; model encounters it
atlog (L/Lgy) = 8.514.

3.2. Rotation and transport of chemical species

We now consider the impact of diffusion coefficients on stellar
structure at different stages of evolution. The impact of rotation
will be most evident in the 0.1 v/vy;; models, so we show the
evolution of these coefficients in the 1000, 5000 and 9000 M,
stars at this rate in Figure 2. All panels a—i depict the inner zones
of these models with focus on the boundary of convective core
and radiative envelope.
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Table 1. Evolutionary parameters for Pop III SMS models.

Start of H burning End of H burning

Mass U/ Ucrit Lifetime Tolue fred M. Ueq Liot I Edd M. Ueq Lot IﬂEdd

(M) Myr)  (Myr) (Myr) (kms™") (10 gcm?s7!) (kms™") (103 gcm?s7!)

1000 0.01 1.658  1.637 0.000 0.942 26.600 5.108 0.793 0.510 7.360 4.930 0.883
2000 0.01 1.442  1.426 0.000 0.952 31.400 16.040 0.865 0.510 2.360 16.044 0.923
3000 0.01 1.350  1.335 0.000 0.955 34.500 31.402 0.898 0.506  9.950 30.754 0.942
4000 0.01 1.286  1.273 0.000 0.955 36.700 49.478 0917 0.520 14.800 46.923 0.950
5000 0.01 1.175 1.106 0.056 0.957 38.700 71.264 0.930 0.564 3.000 66.299 0.962
6000 0.01 1.168 1.086 0.070 0.958 40.400 96.316 0.940 0.608  3.000 80.615 0.954
7000 0.01 1.164 1.043 0.109 0.959 41.800 122.912 0.947 0.480 3.000 108.858 0.946
8000 0.01 1.117  1.001 0.104 0.959 41.000 132.190 0.953 0.568 0.144 119.633 0.962
9000 0.01 1.143  1.099 0.037 0.958 44.100 177.906 0.959 0.511 0.146 175.794 0.971
10000 0.01 1.028 0.901 0.121 0.957 45.100 209.965 0.963 0.640 0.305 162.181 0.957
1000 0.05 1.741  1.720 0.000 0.941 134.000 25.691 0.793 0.522 25.600 25.671 0.896
2000 0.05 1.463  1.447 0.000 0.950 158.000 80.666 0.865 0.524 24.100 80.759 0.926
3000 0.05 1.348  1.334 0.000 0.954 174.000 158.032 0.897 0.527 0.311 158.876 0.942
4000 0.05 1.286  1.273 0.000 0.954 184.000 248.373 0.916 0.543  0.000 249.705 0.953
5000 0.05 1.260  1.247 0.000 0.955 194.000 357.462 0.929 0.530 2.100 359.237 0.961
6000 0.05 1.227  1.158 0.058 0.957 203.000 485.122 0.939 0.571  0.991 446.133 0.970
7000 0.05 1.204 1.177 0.015 0.956 210.000 617.091 0.947 0.572 1.870 619.190 0.970
8000 0.05 1.178  1.166 0.000 0.958 206.000 658.331 0.953 0.575 0.001 662.250 0.970
9000 0.05 1.158 0977 0.013 0.959 230.000 970.288 0.958 0.646  0.000 975.517 0.971
10000 0.05 1.070  0.901 0.103 0.967 179.000 940.312 0.960 0.709  1.720 792.292 0.963
1000 0.10 1.848  1.768 0.059 0.939 268.000 51.182 0.791 0.523  28.005 46.985 0.906
2000 0.10 1.505 1.440 0.058 0.947 315.000 160.639 0.863 0.556 0.748 127.237 0.937
3000 0.10 1413 1.266 0.133 0.950 347.000 314.233 0.895 0.613 0.768 261.266 0.949
4000 0.10 1.322  1.202 0.107 0.952 368.000 492.497 0915 0.671 1.110 390.916 0.958
5000 0.10 1.300 1.285 0.002 0.954 383.000 705.955 0.928 0.550 2.802 591.312 0.965
6000 0.10 1.315 1.163 0.139 0.954 406.000 961.128 0.937 0.051 0.014 779.156 0.947
7000 0.10 1.236  1.094 0.129 0.954 420.000 1225.720 0.945 0.243  1.550 1035.676 0.951
8000 0.10 1.270  1.123 0.135 0.955 434.000 1511.272 0.951 0.619 1.550 1289.506 0.971
9000 0.10 1.227  1.097 0.122 0.956 448.000 1817.557 0.956 0.657 3.370 1530.294 0.965
10000 0.10 1.148 0975 0.178 0.955 449.000 2084.810 0.961 0.710 5.460 1765.897 0.965

Notes. The lifetime and cumulative time in red (log T < 4.00) and blue (log Tz > 4.00) phases; core mass fraction M., equatorial velocity veq,
total angular momentum L, and Eddington factor I'gqq at the start and end of H burning.

At the start of core hydrogen burning in panels a, d, g, we
find that Doy is the dominant mixing coefficient in the con-
vective core and the mixing of chemical species in this zone
is assumed to be nearly instantaneous. The radii of the convec-
tive cores for all three stars shows an intuitive trend, where the
9000 M model has the largest (29 Ry), followed by 5000 M
(17.5Ry) and 1000 My (9 Ry). The thermal diffusivity coeffi-
cient, Ky, is responsible for damping temperature perturbations
on a timescale /2/K. In the context of shear instabilities, a large
Kiner lowers the effective Richardson number by smoothing out
buoyancy forces. Hence the “secular shear” develops when ther-
mal diffusion is fast compared to the turnover of shear eddies. In
context of these models, higher K, (more efficient radiative dif-
fusion) enhances mixing by weakening stabilizing thermal gra-
dients, and this is evident in radiative zones for all three models
throughout the main sequence.

At the boundary of the convective core with a strong mean
molecular weight gradient, V,, we find that the horizontal mix-
ing coefficient Dy is the strongest in magnitude. As seen in
Equation (3), Dy, is inversely proportional to D.g, the effective
mixing coefficient, but in spite of this dependence it is D.g that
determines chemical transport at the boundary of convective core.
This is because Deg is directly proportional to the radial amplitude
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of the meridional circulation velocity, and circulation is driven by
the thermal imbalance (baroclinicity) created by centrifugal dis-
tortion and the resulting horizontal temperature gradients. These
temperature gradients are strongest at the convective — radiative
boundary, which leads to a much larger meridional circulation
velocity than Dy, that results in chemical transport dominated by
D.¢. Moving outward in the radiative regions, the chemical trans-
port is governed by the vertical mixing coefficient Dy, all the
way to the surface of all models. All three models at this evolu-
tionary stage have identical stellar structures and all the mixing
coefficients behave in the same manner at all masses.

The stellar structures of the three models begin to show differ-
ences at the middle of core hydrogen burning. For the 5000 and
9000 M, stars (panels e, and h in Figure 2), intermediate convec-
tive zones are formed starting at radii of 20 and 30 R, respec-
tively. These intermediate convective zones are formed as a result
of the radiative temperature gradient, V,,4, exceeding the adia-
batic temperature gradient, V,q, in the local region. The increase
in V4 is likely due to the change in local opacity, energy genera-
tion rate, and mean molecular weight profile. As in the convective
core, chemical transport in these intermediate convective zones is
dominated by D.qyy. Every other mixing coefficient trend is iden-
tical to that at the onset of core hydrogen burning.
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Fig. 2. Evolution of diffusion coefficients in the 0.1 v/v.; models. The lavender and off-white regions show convective and radiative zones,
respectively. Multiple diffusion coefficients overlap a given zone, but the dominant coefficient is the one with the highest magnitude along the
y-axis. Dony 18 the convective diffusion coeflicient, Ky, is the thermal diffusivity coefficient, Dgpe,, is the shear (vertical) mixing coeflicient, Dy
is the horizontal mixing coefficient, and D.g is the effective mixing coefficient. Top row: 1000 M model at the onset, middle, and end of core
hydrogen burning. Centre row: 5000 M, model at the beginning, middle, and end of core hydrogen burning. Bottom row: 9000 M, model at the

start, middle, and end of core hydrogen burning.

At the end of core hydrogen burning (panels c, f, and i in
Figure 2), the convective core in all models has receded and
helium is being accumulated in the core. The 5000 and 9000 M,
stars are now dominated by intermediate convective zones all
the way to the surface, making these models 70-90% convec-
tive. At this stage in evolution, transport of chemical species is
largely done by D.q,y. Conclusively, these results show that Deg-
driven meridional circulation dominates chemical transport at
the convective—radiative boundary. Subsequent radiative regions
are mixed by Dypear Which yields a more uniform envelope com-

position that can influence burning lifetimes and core growth.
Since most of the stellar structure is convective, the transport of
chemical species is dominated by the physics of convection.

3.3. Rotation and transport of angular momentum

Rotation also impacts the transport of angular momentum in
these stars, but not directly via the diffusion coefficients. In
these models (see Eq. (4)), the dominant mechanism for angular-
momentum transport is the advective flux associated with
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Fig. 3. Effects of the QI" limit on the 1000, 5000, and 9000 M models
at 0.1 v/vei. Top: Evolution of the surface spin parameter Q/Q.; vs.
Eddington factor I'. The horizontal dashed line marks I' = 0.639, above
which the QI'-limit (Eq. (7)) becomes relevant. Botfom: ratio of radia-
tively reduced to classical critical velocity, veit2/Ueri1» VS. stellar age.
The decline from the initial values of ~0.69, 0.40, and 0.32 to minima
of ~0.38, 0.25, and 0.19 quantifies the suppression of break-up speed
by radiative acceleration. The shaded zones represent the age where the
QI'-limit is active.

meridional circulation, quantified by the radial velocity com-
ponent U,(r). Shear instabilities, through the diffusion coeffi-
cient Dgpe,r, provide a complementary, diffusive redistribution of
angular momentum. Horizontal turbulence, Dy, acts to enforce
nearly uniform angular velocity on isobars but contributes min-
imally to the net transport. Together, these processes establish
a balance between advection and diffusion, enabling efficient
angular-momentum redistribution in SMSs.

3.4. Supermassive stars and the QI limit

In order to quantify the effect of the QI'-limit on our SMS mod-
els, we focus first on the set with the highest initial rotation
(v/vgie = 0.1), which provides an upper bound on rotation-
ally induced effects. Figure 3 (top panel) shows the evolution
of the surface spin parameter Q/Q as a function of the local
Eddington factor I'. All three masses start the main sequence at
substantial fractions of break-up (Q/Qgy =~ 0.17,0.26,0.33 at
I' =~ 0.79,0.93,0.96 respectively) and rapidly spin up. The value
for Q/Q.: reaches ~0.7 when the ages of the 1000, 5000, and
9000 M, stars are 2.8 X 10* yr, 7.0 X 10° yr, and 8.2 X 10° VI,
respectively, beyond which the centrifugal acceleration g, rivals
the reduced gravity ggray(1-I") and mechanical winds must ensue
(e.g. Langer 1998). After peaking (up to Q/Qci; =~ 0.87 and 0.74
for the two highest masses), all models spin down as mass and
angular momentum are shed.

Figure 3 (bottom panel) plots the ratio vesit2/Uerit,1 as a func-
tion of age. This ratio follows

Ucrit,2 3 Rey
—= == 1 -T( S
S NT-TO

Ucrit, 1 Re
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and falls from ~0.69,0.40,0.32 at zero-age to minima of
~0.38,0.25,0.19 near each model’s maximum I" (Egs. (6)—
(7)). The more massive stars, with I'n.x = 0.96, suffer the
strongest reduction of their effective break-up speed, demon-
strating that even moderate rotation forces them well into the
QI'-limit regime and amplifies mass-loss rates by orders of mag-
nitude (Maeder & Meynet 2000). To determine a lower bound-
ary in rotation for the QI" limit, we repeated this analysis for the
v/verie = 0.05 runs. We find that models in the 8000-10 000 M
range cross /Qi¢ =~ 0.7 during the main sequence as well, indi-
cating that mechanical mass loss will set in even at this rotation
rate.

In summary, the QI'-limit imposes a stringent cap on SMS
rotation: any approach to Q/Q. = 0.7 triggers strong, mechan-
ical mass loss that prevents sustained high-spin states. This reg-
ulatory mechanism, initially proposed for massive stars over a
range of metallicities applies equally to supermassive Pop III
stars, constraining their angular momenta and influencing their
ultimate fates (Maeder & Meynet 2000). However, the extent of
mass loss needed to surpass this limit is quite low in numeri-
cal simulations. For instance, the 9000 M, star at 0.1 v/v. only
loses 147 Mg, over its life. This mass, although significant, is
only 1.6% of its total mass. To better quantify mass loss, full 3D
hydrodynamic simulations for mass-loss outflows from SMSs
are required.

3.5. Estimates on the core rotation rates

Figure 4 complements our HR-diagram discussion by show-
ing the mass—weighted rotation velocity of the convective core,
v, from ZAMS to the end of core H burning for our three
Pop III masses. Each panel contains the tracks that start with
v/veie = 0.01, 0.05, and 0.10; the colour scale gives the instan-
taneous core radius R.. For an initial rotation of v/v.; = 0.1,
the 1000, 5000, and 9000 M models decelerate almost linearly
from initial core rotational velocity =160, 210, and 250 km s~
respectively, to 40-70, 50-80, and 60-90 km s by the end of
core H burning. Metal-free winds are negligible, so the loss of
core angular momentum must be mediated by internal transport:
meridional advection extracts J from the fully convective region
and feeds it into the differentially rotating envelope, overcom-
ing the modest contraction of R.. The decline rate steepens with
mass because the moment of inertia grows faster when larger
fractions of the star participate in convection.

At fixed mass the vertical spacing of the three tracks reflects
the imposed surface spin. After an adjustment phase lasting
~(0.1-0.15) t\s the slopes converge, signalling that the core has
attained near solid-body rotation and evolves thereafter under
the same angular-momentum sink, with a similar rate of change
of core velocity with time (dv./df). A global fit to the combined
data gives v, o R2'3io'1, consistent across all masses and rotation
rates and confirming that the decay of J. dominates over struc-
tural changes.

The 5 x 10° M, 0.10 v/vi model deviates briefly from the
other stars from 7 ~ 5.5x 10° and 9x 10° yr: a short-lived convec-
tive shell at » ~ 25 R, drains angular momentum from the core,
flattens the v.(¢) slope, and disappears once the local u-gradient
is re-established. Model diagnostics show that many interme-
diate convective shells form at the core-envelope interface; the
shell taps angular momentum from the core, flattens the v(7)
curve, and disappears once the local u gradient is restored, after
which the track rejoins the general trend.

Hydrogen burning occupies ~90% of the lifetime. Assum-
ing the linear uv.(rf) trend extends through the remaining
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Fig. 4. Convective-core rotation velocity vs. age for models at three rotation rates. The second y-axis shows the radius of the core in solar radii.

Left: 1000 M, models, Centre: 5000 M models, Right: 9000 M models.

Table 2. Dimensionless spin parameters a. at core-H exhaustion.

M, 0/ Verit M. aicore) aifull)

(Mo) (Mo)

1000  0.01 400 0.09 0.015
0.05 510 0.10 0.026
0.10 560 0.12  0.037

5000 0.01 2700 0.035 0.010
0.05 2900 0.042 0.014
0.10 3000 0.050 0.018

9000 0.01 5100 0.030 0.009
0.05 5600 0.034 0.013
0.10 5760 0.052 0.021

nuclear stages, we combine the late-MS v, with the measured
convective-core masses M. to estimate the Kerr parameter of
the direct-collapse black hole (DCBH). Table 2 gives results
for two limits: (i) the DCBH accretes only the envelope above
the CO core (Mgy = M.) and (ii) the entire star collapses
(Mgy = M, ). The most extreme model, 9000 M, with a core
velocity v, 120km ™!, still reaches only a spin parameter

a® ~ 0.05, far below the Thorne limit. Full collapse reduces

the spin to a™ ~ 0.02. If future simulations yield higher
spins, the excess angular momentum must be gained after core-
H exhaustion, for example by renewed shear during He burning,
secular contraction in the final ~10* yr, or late-stage fallback.

The spin estimate conserves angular momentum, not linear
speed: J, = kMCRg(vC /R.) is carried unchanged into the collapse,
while the physical radius shrinks by five to six orders of magni-
tude. The Kerr parameter a. = cJ./ (GM%H) therefore remains
fixed even though the horizon rotates at v = a,c. Any higher
IMBH spin must be accumulated after core-H exhaustion, for
example through shear generated in core-He burning, secular
contraction during the final 10* yr, or late fallback.

~

4. Discussion
4.1. Comparison with non-rotating models

We compare our rotating SMS tracks, specifically the v/vi =
0.1 models, with the non-rotating Pop III models of Nandal et al.
(2025a) at the same X, (Fig. 5). The convective core mass frac-
tion (M../Mo) reveals how rotation alters core growth against
steep radiative and compositional gradients. At 1000 M, rota-
tion increases the mid-MS core fraction to M../M,,; = 0.780
compared to 0.744 without rotation (+4.6%), and the end-MS

\ —-— 1000 Mg, non-rot
1000 Mo, 0.1 V/Vgie
5000 Mg, non-rot
0.9 5000 Mo, 0.1 v/Verie
9000 Mg, non-rot
9000 Mg, 0.1 V/vgie
.08
S
=
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0.5

0.7 0.6 0.5 0.4 0.3

Xc [central hydrogen]

0.2 0.1

Fig. 5. M../M,y vs. central hydrogen X, for non-rotating (dash-dot) and
v/Verie = 0.1 (solid) models at 1000 (blue), 5000 (green), and 9000 (red)

M.

core reaches 0.521 versus 0.512 (+1.8%). During the early
MS, meridional circulation (U,) dredges hydrogen across the u-
gradient, sustained by shear instabilities (Dgpear), Which enlarges
the convective core. As the envelope inflates and shear weakens
late in the M, core growth under rotation is partly counteracted,
limiting the end-MS gain.

At 5000 M., rotating models show a mid-MS M../My; =
0.741 versus 0.738 non-rotating (+0.4%), but by end-MS the
core grows from 0.555 to 0.570 (+2.7%). The higher luminos-
ity steepens the radiative gradient (V,,4), yet rotation amplifies
vertical shear mixing (Dghear ~ 10'2 cm? s7!) and effective diffu-
sion (Deg ~ 10° cm? s71), allowing more hydrogen to penetrate
the core throughout the MS. Reduced envelope density late in
evolution further enhances this mixing.

At 9000 M, the rotating mid-MS core fraction (0.736 at
X. = 0.113) falls below the non-rotating 0.774 (—4.9%) because
near-Eddington envelopes (I'eqq > 0.96) initially suppress merid-
ional flows. As the star evolves, centrifugal support reduces the
effective gravity (g.s), meridional velocities recover, and by H
exhaustion the rotating core reaches 0.585 versus 0.541 non-rot
(+8.1%). This late-MS core boost highlights how rotation can
overcome radiative damping to sustain mixing in the most mas-
sive SMS.

These end-MS core enhancements translate into MS lifetime
extensions of ~7%, 14%, and 20% at 1000, 5000, and 9000 M,
respectively. At matched X, rotating models are cooler by
AlogTeg = —0.76, —0.04, and ~0, and luminosities shift by
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Alog L = +0.04, —0.03, and +0.002. Eddington factors at these
points decrease from 0.894 to 0.864, 0.977 t0 0.961, and 0.993 to
0.965, respectively, affecting the onset of mechanical mass loss.

4.2. Comparison with other works

Lee & Yoon (2016) evolved one-dimensional, accreting Pop III
protostars at M ~ 107> Mg yr~' and showed that once M ~ 5—
7 My, envelope inflation drives I' — 1 so that g.g(1 — ') = 0 is
reached at v/ve; < 1, halting further accretion by enforcing the
QI'-limit and capping growth at ~20-40 M, while keeping radii
compact (R < 50 Rp). They interpret this as a complete termina-
tion of protostellar evolution beyond that mass. Our supermas-
sive models begin at 10°~10* My, with initial v/v . = 0.01-0.10,
well below the ~0.7 threshold for QI'-driven break-up. Although
our SMSs cross the QI'-limit, they shed $2% of their mass yet
continue core H burning to X, — 0, demonstrating that this com-
bined radiative-centrifugal limit regulates but does not terminate
stellar evolution once formation is complete.

Yoon et al. (2012) computed a grid of rotating Pop III stars
from 10 to 1000 M, including magnetic torques and rota-
tional mixing. They find that chemically homogeneous evolution
(CHE) occurs for 13 < M < 84 My at v/vei = 0.4 and ceases
above ~190 M when envelope inflation and angular-momentum
loss suppress mixing. Although the CHE threshold parallels the
QI'-limit onset at moderate masses, our SMS models at v/v <
0.10 remain outside the CHE regime but nonetheless exhibit sig-
nificant core-mass enhancements via meridional circulation and
shear mixing (Sect. 4.1), illustrating that sub-CHE rotation can
still measurably alter supermassive stellar structure.

With the formalism developed by Maeder & Meynet (2000),
Tsiatsiou et al. (2024) recently used GENEC to compute fast-
rotating (v/verie = 0.7) Pop II models in the 9—120 M, range.
They found that despite approaching the QI limit, their mod-
els lost <1% of their mass. Our SMS models differ in that they
are much more massive and luminous, but are rotating much
more slowly (v/vgye < 0.1). The key distinction is that the
high Eddington factors in our models (I'gqq > 0.96) drastically
lower the true critical velocity (vei2), as seen in the bottom
panel of Figure 3. This means that even modest rotation is suf-
ficient to push the star against the QI' limit. Like Tsiatsiou et
al. (2024), we find that this results in regulation via moderate
mass loss (<2%) rather than catastrophic disruption, confirming
that this physical process operates across a wide range of stellar
masses.

Haemmerlé et al. (2018) followed accretion and rotation in
Pop III protostars up to supermassive scales and showed that the
QI limit requires the accreted angular momentum to be <1% of
the Keplerian value. This yields surface velocities v/v¢ < 0.1—
0.2 to avoid premature break-up and allow growth to 10° M.
The constraint here enforces slow rotation and negligible cen-
trifugal deformation during accretion. Our rotating SMS mod-
els lie precisely within the slow rotation window identified by
Haemmerlé et al. (2018) - and although they cross the QI limit
during core H burning, they shed $2% of their mass and exhaust
hydrogen to X, — 0, demonstrating that the same QI regulation
applies post-assembly without halting stellar evolution.

Finally, it is worth considering the effect of metallicity. Our
models are strictly for metal-free (Pop III) stars. The forma-
tion of SMSs may also be possible in very low-metallicity gas
(Chon & Omukai 2020). The presence of even trace amounts of
metals would significantly enhance mass-loss rates from line-
driven winds. As shown in recent work (Sibony et al. 2024), this
would alter the angular momentum evolution and could change

A262, page 10 of 11

the final fate and black hole remnant properties, representing an
important avenue for future research.

5. Conclusion

We have performed the first simulations of rotating supermas-
sive Pop III star evolution with GENEC. These models exam-
ine the interplay of rotation-induced mixing, angular momen-
tum transport, and the QI limit to advance our understanding of
1000-10000 M, primordial stellar evolution. Our main conclu-
sions can be summarized as follows:

— Rotation notably extends the main-sequence lifetime of
supermassive Pop III stars by approximately 7% at 1000
M, 14% at 5000 M, and 20% at 9000 M, relative to non-
rotating models. This is primarily due to enhanced chemical
mixing that enlarges the convective core by up to 8.1% in the
most massive cases.

— The QI limit significantly constrains stellar rotation, trigger-
ing mechanical mass loss once surface rotation approaches
approximately 70% of the critical velocity. However, total
mass loss (not accounting for pulsational mass loss) remains
modest ($2%), suggesting regulation rather than cessation of
stellar evolution.

— Internal angular momentum transport via meridional circu-
lation and shear instabilities efficiently redistributes angu-
lar momentum, substantially decelerating core rotation. Pre-
dicted dimensionless spin parameters for resulting DCBHs
remain low (a. < 0.05 for core collapse scenarios). This
implies that rotating SMSs are natural progenitors of slowly
rotating black hole seeds. If rapidly spinning seeds are
required by observations, they must acquire additional angu-
lar momentum through post-main-sequence processes, such
as late-stage accretion or fallback.

— Chemical mixing in rotating SMSs is influenced by convec-
tive mixing within core and intermediate shells, meridional
circulation-driven effective mixing (Deg ~ 10° cm? s7),
and shear-induced vertical mixing (Dgpeqr ~ 10'2 cm? s71),
each critically shaping chemical gradients and core evolu-
tion. However, as the structure of the stars is primarily con-
vetive, Doy 1 the dominant mixing coefficient for chemical
transport throughout the main sequence.

In comparison with previous non-rotating Pop III models,
rotation consistently produces larger convective cores and longer
stellar lifetimes, a result consistent with lower-mass massive
stars. Unlike earlier lower-mass Pop III studies encountering the
QI limit, our supermassive models demonstrate only moderate
mass loss and continued stable evolution through core hydrogen
exhaustion. These findings align with recent theoretical insights
that rotation significantly impacts supermassive star structure
without necessarily triggering catastrophic mass loss.

Future investigations will extend these rotating stellar mod-
els into higher rotation rates and advanced stages of nuclear
burning (Griffiths et al. 2025), explicitly calculating nucleosyn-
thetic yields essential for interpreting high-redshift abundance
observations. Additionally, implementing metallicity-dependent
mass-loss prescriptions will enhance realism and applicability
to early-universe conditions. Inclusion of magnetic instabili-
ties (Spruit 2002; Fuller et al. 2019; Griffiths et al. 2022) will
further refine angular momentum transport modelling, which
might be particularly important in light of the observations
made for low-mass stars for which asteroseismic constraints
are available (Aerts et al. 2019; Buldgen & Eggenberger 2023).
Finally, exploring the combined effects of rotation and accretion
from the pre-main-sequence phase will provide comprehensive
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evolutionary pathways crucial for understanding the formation
and ultimate fate of the earliest supermassive stars.
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