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Pulsational mass loss from supermassive stars creates the compact shells of Little Red Dots
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ABSTRACT

Little Red Dots (LRDs) have emerged as one of the central puzzles of the JWST era. Their spectra
increasingly require dense gas close to the source, yet the physical origin of that cocoon-like structure
remains unclear. We examine whether late pulsational mass loss from supermassive stars (SMS) leads to
dense gas cocoons. We analyze five GENEC models at different metallicities with characteristic masses
of order 10° M, following them through post-accretion evolution with radial pulsation calculations and
general relativistic (GR) stability diagnostics. Mass loss during the final stages of evolution occurs not
as a steady wind, but through discrete strange-mode ejection episodes. In the Z = 1072 Z model, four
late episodes last 41-282 yr and eject 10-348 M, each, for a total loss of (4.8 —10) x 102 M; the final
episode alone contributes ~ 73% of that budget. Since the last episode dominates the mass-loss, it is
the only event sufficiently massive enough to leave behind a compact, optically thick shell extending out
to 0.4 pc that reproduces the LRD dense gas cocoon. Final ejecta are H/He dominated but chemically
distinctive, with a robust nitrogen-rich composition, log(N/O) ~ 0.13 and log(C/O) ~ —0.23. SMS
reaches GR instability at an age of ~ 1 Myr and collapses in ~ 10* s, retaining ~ 99% all of its
mass. Across the full metallicity range from Pop III to 1072 Z, this shell-ejection channel persists.
SMSs therefore provides a physically motivated origin for the compact cocoon-like structure implied
by LRDs, while remaining the natural progenitors of the massive black hole seeds invoked in direct
collapse scenario.

Keywords: early universe — dark ages, reionization, first stars — galaxies: formation — galaxies:

high-redshift

1. INTRODUCTION

The existence of 2> 10 M, black holes within the first
billion years remains a demanding constraint on models
of seed formation in the early universe, and JWST has
now placed this problem in a new observational context.
Supermassive stars provide one of the clearest routes to
heavy seeds because their collapse can occur from pro-
genitors that already reach ~ 10° M, avoiding the need
for prolonged super-Eddington growth from light rem-
nants. Early work established the basic structure and
stability of radiation-dominated stars and clarified how
relativistic instability can drive their collapse (F. Hoyle
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& W. A. Fowler 1963; S. Chandrasekhar 1964; W. A.
Fowler 1966; I. Appenzeller & K. Fricke 1972; G. M.
Fuller et al. 1986). More recent studies showed that
rapid accretion can assemble stars of 10*-10% M, and
revived SMSs as plausible progenitors of heavy black-
hole seeds (V. Bromm & A. Loeb 2003; M. C. Begel-
man et al. 2006; T. Hosokawa et al. 2012a; Y. Saku-
rai et al. 2015; T. E. Woods et al. 2017; L. Haemmerlé
et al. 2018). Related work has also broadened the en-
vironments in which such objects may form, including
dense stellar systems and mildly enriched gas (J. A. Re-
gan et al. 2020; J. H. Wise et al. 2019; B. Reinoso et al.
2023; D. Nandal et al. 2024a, 2025a).

JWST has given this problem a new observational set-
ting through the discovery of Little Red Dots (LRDs),
a population of compact high-redshift sources with
red rest-optical continua, broad Balmer emission, and
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prominent spectral structure around the Balmer break
(L. J. Furtak et al. 2023; Y. Harikane et al. 2023; J.
Matthee et al. 2024; D. D. Kocevski et al. 2025; H. B.
Akins et al. 2025; A. de Graaff et al. 2025a; D. J. Setton
et al. 2025; R. P. Naidu et al. 2025). A growing body
of work now points to dense gas close to the source as
a central ingredient in shaping both the continuum and
the emission-line appearance of at least part of the LRD
population (J. F. W. Baggen et al. 2024; K. Inayoshi &
R. Maiolino 2025; X. Ji et al. 2025; V. Rusakov et al.
2026; V. Kokorev et al. 2025; Y. Asada et al. 2026; J.
Matthee et al. 2026). This has shifted attention not
only to the nature of the central engine, but also to the
origin of the compact circumsource material, it’s stabil-
ity, evolution, time-scales, and survivability itself. Any
SMS-based interpretation must therefore explain how
dense gas can be placed on compact scales and the kine-
matics at the stage when the source becomes observable
as an LRD, rather than treating that material as an ex-
ternal assumption (K. Inayoshi & R. Maiolino 2025; A.
de Graaff et al. 2025b; R. Maiolino et al. 2025).

Recent studies have shown that SMS spectra can re-
produce several defining LRD features, while other mod-
els invoke SMSs embedded in massive self-gravitating
accretion structures (L. Zwick et al. 2025; D. Nandal
& A. Loeb 2026; J. Chisholm et al. 2026). However, a
key remaining question is whether SMSs can also pro-
duce the surrounding gas required by these interpreta-
tions. Pulsational mass loss offers one possible channel.
The envelopes of luminous radiation-dominated stars are
prone to strongly nonadiabatic strange-mode instability,
and related pulsations have long been studied in mas-
sive stars and supergiants (M. Kiriakidis et al. 1993; W.
Glatzel 1994; H. Saio et al. 1998; M. Godart et al. 2011;
H. Saio et al. 2013; T. Sonoi & H. Shibahashi 2014; A. P.
Yadav et al. 2018). In the SMS context, most previous
work has focused on whether pulsations limit continued
growth during rapid accretion, or on how instability de-
velops as the star approaches relativistic collapse (K. In-
ayoshi et al. 2013; D. Nakauchi et al. 2020; H. Saio et al.
2024). Much less attention has been given to whether
late pulsational episodes can expel weakly bound en-
velope material and thereby explain the compact shell
with properties relevant to LRD phenomenology.

In this Letter, we test the following scenario for
the Balmer-break/LRD regime. After accretion ends,
the SMS contracts, ignites hydrogen burning, and re-
expands into a phase of strange-mode instability. A
small number of discrete pulsational ejections then re-
move weakly bound envelope material and build a com-
pact dense cocoon with a characteristic composition
around the star. The SMS itself continues evolving to-
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ward GR instability and later collapses into a heavy
black-hole seed. Section 2 describes the stellar models
and pulsation framework. Section 3 presents the result-
ing mass-loss episodes, shell properties, and ejecta com-
position. Section 4 discusses the implications for LRDs
and heavy-seed formation and section 5 summarizes our
findings.

2. METHODS
2.1. Stellar models

We analyse five accreting GENEC SMS models span-
ning Z/Zs = 0, 107°, 107%, 1073, and 10~2. Each
sequence begins from a fully convective 10 My seed
and grows at a near-constant accretion rate of M =
1 Mg yr~! to a characteristic mass of order 10° M. The
models are then followed through their post-accretion
evolution. We use the advanced GENEC nuclear net-
work (D. Nandal & S. Chon 2026), which follows species
up to the Fe group, and each stored structure contains
more than 1200 radial layers.

Our pulsation analysis uses every available stored
model along each sequence. Additional details of the
input structure, preprocessing, and quality checks are
given in Appendix A.

2.2. Radial pulsations and episodic mass loss

The envelopes of SMSs are luminous, weakly bound,
and strongly radiation dominated (T. Hosokawa et al.
2012b; T. E. Woods et al. 2020). Strange modes are
envelope-confined pulsations that arise in stars with high
L/M and short thermal times in their outer layers. Un-
like e-modes, which are tied to nuclear burning, or x-
modes, which rely on opacity driving, strange modes
are favored when radiation pressure and rapid radiative
diffusion alter the usual phase relation between pressure
and density in the outer envelope. SMSs naturally enter
this regime, so strongly nonadiabatic surface layers can
support strange-mode behaviour (H. Saio et al. 1998,
2013; T. Sonoi & H. Shibahashi 2014). We therefore
solve the linear adiabatic radial problem in Newtonian
gravity for the lowest few modes of each stored model,
and also carry out a complementary general-relativistic
radial calculation following H. Saio et al. (2024). The
Newtonian modes provide the default eigenfunctions for
the later analysis, while the GR calculation tracks the
approach to GR instability.

We then evaluate driving and damping on these adia-
batic eigenfunctions, rather than solving the full com-
plex nonadiabatic problem. This quasi-nonadiabatic
step provides a growth proxy. Physically, it asks whether
the radiative envelope does net positive work on the os-
cillation over a cycle, so that the mode gains energy and
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grows, or instead loses more energy to damping than it
receives from driving:

1 1 .
Erode = /§Pw£§3 av, Y= CYR /ptot av,

(1)
where Fio4e is the mode energy, p the local density,
w;- the real mode frequency, &, the radial displacement
eigenfunction, and pyot the local work rate per unit vol-
ume from all driving and damping contributions. The
quantity v measures the corresponding net growth rate.

We then map the inferred driving through energy con-
servation and pulsation-linked mass-loss estimate,
M _ 2;]2Ldrive,

esc,eff

(2)

and cap each estimate by the mass accessible above the
inferred driving region. We do not interpret these values
as steady winds. Instead, we group unstable models
into discrete ejection episodes and derive the mass-loss
histories, launch conditions, and shell properties used
below. Full diagnostics and assumptions are given in
Appendix A.

2.3. GR stability and collapse follow-up

We assess the final fate of the models with comple-
mentary GR stability diagnostics (H. Saio et al. 2024; L.
Haemmerlé 2021a; C. Nagele et al. 2022), and remap un-
stable snapshots to a 1D GR hydrodynamics code with
a 52-isotope nuclear network and neutrino cooling (C.
Nagele et al. 2021). In the baseline calculation, the un-
stable SMS proceeds to black-hole formation rather than
disruption. Further details of the GR criteria, snap-
shot selection, and collapse evolution are given in Ap-
pendix A.11 and A.12 .

3. RESULTS

Figure 1 summarizes the evolutionary picture that
emerges from our analysis. After accretion ends,
the SMS contracts, ignites hydrogen burning, and re-
expands into a late phase of strange-mode instability. In
this phase, pulsation-driven mass loss occurs through a
small number of discrete shell ejections. The earlier ejec-
tions expand to large radii, while the final pre-collapse
ejection remains compact, optically thick, chemically
distinctive, and therefore sets the immediate circum-
stellar environment relevant to the LRD phase. The
SMS then continues to GR instability and ultimately
collapses into a heavy black-hole seed. In the rest of this
section, we quantify this sequence and identify which
ejection episode dominates the circumstellar environ-
ment at collapse.
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Of the five models in our grid, we focus first on the
Z = 1072 Z; model, which is the closest match to
the low but non-zero metallicity regime often associated
with LRDs and their nearby analogues. No radiative-
wind prescription is imposed, so the mass loss discussed
below is entirely pulsational. The accreting phase is pul-
sationally quiet and is not pursued further here; a fuller
account of the pre-main sequence is given in D. Nandal
et al. (2023, 2025b); D. Nandal & A. Loeb (2026).

3.1. Post-accretion evolution of the Z = 1072 Z
model

The post-accretion track is shown in the left panel
of Fig. 2, where color encodes the declining central H
mass fraction. Once accretion ends, the inflated enve-
lope is no longer maintained, and the star contracts on
a Kelvin-Helmholtz timescale. The track moves blue-
ward from log(L/Lg) = 9.57 and logTes = 3.92 to a
maximum temperature of log Teg = 4.32 at nearly un-
changed luminosity, log(L/Lg) = 9.55. This contrac-
tion lasts ~ 1.35 x 10° yr and remains entirely free of
pulsation-driven mass loss.

The contraction ends at X. ~ 0.69, where the track
bends back to the red. By then the energy budget is
dominated by CNO burning, and the track migrates to
lower Tog again as the outward flux does work in ex-
panding the envelope (D. Nandal et al. 2023, 2024b; D.
Nandal & A. Loeb 2026). The star therefore returns
to a red-supergiant-like configuration, not on the short
thermal timescale of the earlier contraction, but on the
much slower nuclear timescale. Over the next ~ 9 x 10°
yr it evolves to log(L/Lg) = 9.57, logTeg = 3.90,
and age 1.1 Myr, by which point the central H frac-
tion has fallen to X, ~ 0.10. During this re-expansion,
the inflated radiation-dominated envelope becomes in-
creasingly weakly bound, while the outer layers remain
strongly nonadiabatic, favoring strange-mode driving.
The first three pulsation-driven mass loss episodes ap-
pear along this long redward drift, marked by the purple
segments in the left panel of Fig. 2.

The final stage is spent at near constant effective tem-
perature highlighted in the same panel. From 1.10 to
1.27 Myr, the star remains in this region and under-
goes its fourth, and final, pulsation-loss episode. By
age 1.27 Myr, when X. ~ 0.01, the model satisfies
the GR instability criterion and enters dynamical col-
lapse. Despite this large excursion across the HR dia-
gram, the luminosity stays confined to the narrow range
log(L/Ls) = 9.55-9.57 along the full post-accretion
track.
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SMS - LEIR
MODEL

OLDER SHELL EJECTIONS

RCio=- 10° rp)

.

Figure 1. Schematic illustration of the SMS pathway explored in this Letter, from the end of accretion to collapse. After
accretion ends, the star contracts, ignites hydrogen burning, and re-expands into a late phase of strange-mode instability.
Pulsation-driven mass loss then proceeds through discrete ejection episodes that remove weakly bound envelope material. The
earlier shells expand to large radii, whereas the final pre-collapse ejection remains compact and dense, setting the immediate
circumstellar environment relevant to the LRD phase. The ejecta also carries a characteristic abundance pattern. The SMS
then continues toward GR instability and ultimately collapses into a heavy black-hole seed. The drawing is schematic and not

to scale.
3.2. Pulsation-driven mass-loss history

The four purple windows in the left panel of Fig. 2
map directly onto the four discrete ejection episodes
in the right panel, centered at 0.322, 0.520, 0.959, and
1.218 Myr. The mass loss is therefore highly selective in
time. It is not spread smoothly across the post-accretion
evolution, but concentrated into several well-separated
outbursts.

The right panel of Fig. 2 shows that the strength of
these events rises systematically with time. On the fidu-
cial branch, the mean mass-loss rates increase from 0.25
and 0.32 Mg yr~! in the first two episodes to 0.67 and
1.23 Mg yr~! in the third and fourth. The upper branch
follows the same progression, with rates of 0.84, 1.08,
2.25, and 2.13 My yr~!. The effective durations of each
episode also lengthen from 41.1 and 60.6 yr to 151.2 and

269

270

272

273

274

275

276

277

278

279

280

282

283

284

281.9 yr. The late episodes are therefore stronger both
in their instantaneous rates and in their finite durations.

The same pattern appears even more clearly in the
integrated ejecta masses in the bottom window of the
right panel in Fig. 2. The fiducial episode masses are
10.4, 19.7, 101.9, and 348.0 M, while the upper branch
gives 34.6, 65.6, 339.5, and 599.9 M. Summed over the
full sequence, the cumulative mass lost reaches 4.80 x
102 Mg, on the fiducial branch and 1.04 x 10® M, on the
upper branch. Even the larger of these remains at only
the ~ 1% level of the ~ 105 My, star. The pulsations
therefore do not disrupt the SMS as a whole. They
remove a modest but physically important fraction of
the outer envelope. The final episode dominates this
budget, contributing ~ 73% of the cumulative fiducial
loss and ~ 58% of the cumulative upper-limit loss.
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Figure 2. Left: Post-accretion Hertzsprung-Russell evolution of the 10° Mg, Z = 1072 Zz model commences at

log(L/Le) = 9.57, logTer = 3.90. The track is colored by the central hydrogen mass fraction, X.. Purple segments mark
phases with pulsation-driven mass loss, the black circle marks the onset of GR instability, and the hatched band indicates the
Balmer-break/LRD corridor. Thin black curves show lines of constant radius. Right: Pulsation-driven mass-loss history of the
same sequence. The top panel shows the episode-averaged mass-loss rate for the fiducial and upper branches, and the bottom
panel shows the cumulative ejected mass. Four discrete episodes occur at 0.322, 0.520, 0.959, and 1.218 Myr, with both the
rates and integrated ejecta increasing toward late times. The final pre-collapse episode dominates the total mass lost.

The physical trend is equally clear. All four ac-
tive episodes are classified as strange-mode dominated
in our channel decomposition, consistent with strongly
nonadiabatic, surface-centered driving in the radiation-
dominated envelope. The first two events remain mod-
est. The third is already an order of magnitude stronger
in ejected mass than the first, and the fourth becomes
the defining mass-loss event of the sequence. This
strengthening is not caused by a steadily growing reser-
voir, since the accessible mass cap stays near 6 x 102 M,
across all four episodes. A more natural interpretation
is that, as the star returns to an extended cool config-
uration and approaches both the Balmer-break corridor
and the onset of GR instability, the coupling between
the pulsation and the outer envelope becomes markedly
more effective.

3.3. FEwvent durations and launch conditions

The two panels of Fig. 3 place the four mass-loss
episodes on complementary physical scales. In the left
panel, the effective durations (At.g) are 41.1, 60.6,
151.2, and 281.9 yr for episodes 1-4. These values are
far longer than the linear pulsation periods (P), 0.411,
0.606, 1.512, and 2.819 yr, and also longer than the cor-
responding growth e-folding times (7grow), 0.412, 0.406,
0.688, and 2.242 yr. Fach event therefore lasts for
~ 100P, or roughly 10% to 2 x 102 growth times. At the
same time, the events remain far shorter than the local
evolutionary half-gaps, which are 9.9 x 104, 8.8 x 104,
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7.0 x 10%, and 6.0 x 10* yr. They are therefore neither
single-cycle impulses nor quasi-steady winds, but intrin-
sically finite pulsation episodes.

The right panel shows how the launch conditions
evolve from one episode to the next. The structural
escape speed declines from 2587 and 2283 km s—! in
the first two episodes to 1583 and 1176 km s~! in the
third and fourth. Over the same interval, the linear pul-
sation speed scale R/P remains much smaller, falling
only from 307 to 216 km s~!. Taken on its own, that
scale is too small to unbind the outer layers. The si-
nusoidal scale 2w R/P, however, rises to a large frac-
tion of the escape speed in the first three events, with
1)2,TR/p/vesC ~ (.74, 0.73, and 0.88, and reaches 1.15 in
the final episode. By the last event, the natural pul-
sation speed scale has therefore become comparable to,
and slightly larger than, the local escape threshold.

The two radiative reference scales in Fig. 7?7 separate
a momentum constraint from an energy constraint. The
lower radiative point is the single-scattering momen-
tum scale, vy /. = L./(Mc). Because these events are
discrete pulsation-driven ejections rather than steady
winds, we use vy /. only as a benchmark for whether
a purely radiative, momentum-limited outflow could
launch the inferred event-averaged mass flux. On the
fiducial branch, vy, /. decreases from 298 and 232 km st
in the first two episodes to 111 and 61.5 km s~ in the
third and fourth, and remains well below ves. through-
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out. The upper radiative point is the photon-tiring
scale, which instead remains comfortably above escape
in all four cases, ranging from 1.31 x 10* to 5.96 x 103
km s~'. The global radiative energy budget is therefore
sufficient, but a purely momentum-limited radiative out-
flow would still struggle on its own. The limiting factor
is how efficiently strange-mode pulsations couple that
available energy to the weakly bound outer envelope.
Taken together, Fig. 3 shows why the final outburst
dominates the sequence. It is the longest-lived event, it
occurs when the envelope is least tightly bound, and it
is the only episode for which 2w R/ P overtakes ves.. The
key result is therefore clear: the luminosity can power
the ejection, but only the late strange-mode pulsations
couple that energy efficiently enough to launch the outer
envelope. As shown in Sec. 3.4 and discussed further in
Sec. 4.2, this also makes the final shell the only one
likely to remain optically relevant during an LRD-like
phase: the earlier ejecta expand and dilute, whereas the
last event can still form a compact reprocessing layer on
timescales of only a few to a few tens of years.

3.4. Clircumstellar outcome at near the onset of
collapse

Figure 4 maps the four strange-mode mass-loss
episodes into the circumstellar structural parameters
present at the end of the model. The launch-speed
brackets, inferred from Fig. 3, vary only modestly from
one episode to the next, with viow =~ 0.22-0.31 x 10% km
s~ and Vhigh = 1.36-1.93 x 10% km s~!. The circumstel-
lar outcome is therefore shaped less by a large change in
launch speed than by a large difference in coasting time:
the first three eruptions have had hundreds of thousands
of years to travel outward, whereas the fourth is created
only shortly before collapse.

This contrast is clear in the right panel of Fig. 4. By
the onset of collapse, the first three fiducial episodes oc-
cupy shell-like bands with inner radii of 281.0, 190.4,
and 59.0 pc and outer radii of 1765.5, 1196.3, and 370.6
pc. The fourth event is qualitatively different. Its in-
ner edge remains at the stellar radius, 6.23 x 10~ pc,
and its outer edge reaches only 0.392 pc. The result is
a strongly stratified circumstellar structure: three old,
highly extended shells surround a single compact inner
ejection that remains close to the star.

The optical-depth contrast is equally sharp. For
the first three episodes, the geometric optical depths
are negligible, Tgeo ~ 1.18 X 10710, 4.89 x 1071°, and
2.63 x 1078, and even the corresponding inner-edge val-
ues remain tiny, at 7.42 x 10719 3.07 x 107?, and
1.66 x 10~7. The fourth shell again stands apart:
Tgeo =~ 8.04, Ty =~ 5.06 x 103, and 7ou, ~ 1.28 x 1072,
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Within this approximation, only the last event can pro-
vide an optically important circumstellar shell at col-
lapse. These values are order-of-magnitude diagnostics
based on a constant opacity, s = 0.34cm? g~ !, rather
than full radiative-transfer solutions. A conceptually
similar behavior is observed in R Coronae Borealis-type
variable stars, F-to-G type hydrogen-deficient super-
giants, which experience episodic fading of their optical
brightness by a factor of up-to 5000 explained by the
ejection of optically thick dusty shells (see e.g., I. Iben
et al. 1996).

Finally, the shell masses reinforce the same picture.
On the fiducial branch, the first three events eject 10.4,
19.7, and 101.9 M, while the final episode contributes
348.0 Mn. By collapse, the first three strange-mode
eruptions have diluted into very extended, optically neg-
ligible relics, whereas the final event remains both com-
pact and massive enough to set the immediate circum-
stellar environment.

3.5. Composition of the final ejecta

Since Fig. 4 shows that the immediate pre-collapse
environment is set by the fourth and final eruption, we
now examine the composition of that shell in Fig. 5. The
left panel shows the abundance profile at t = 1.218 Myr
together with the fiducial and upper ejection windows.
Both sample the outer radiative envelope and remain
overwhelmingly H/He rich. The upper window reaches
slightly deeper, but the overall CNO pattern remains
similar in the two cases.

The right panel of Fig. 5 shows the integrated shell
masses. In the fiducial shell, the ejecta contain 243 Mg
of H and 105 M of He, together with 4.84 x 1073,
1.3 x 1072, and 1.1 x 1072 Mg in C, N, and O. The
upper shell follows the same pattern, with 419 My of
H, 180 M of He, and 8.35 x 1073, 2.24 x 1072, and
2.04 x 1072 My in C, N, and O. In both cases the shell
is therefore H/He dominated by mass, while the trace
heavy-element pattern is nitrogen rich, with N > O >
C.

The logarithmic number ratios make the same
point more clearly. For the fiducial shell we obtain
log(N/O) ~ 0.13 and log(C/O) ~ —0.23. For the up-
per shell the corresponding values are log(N/O) ~ 0.10
and log(C/0O) ~ —0.26. The He/H number ratio is also
nearly unchanged, with He/H ~ 0.108 and 0.107 for the
fiducial and upper shells. The key result is that the
nitrogen excess is robust. It survives the uncertainty
in how deeply the final eruption reaches into the outer
envelope.

This is the main message of Fig. 5. The final strange-
mode shell is not merely H rich. It carries a distinctive
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chemical signature. In our earlier SMS calculations, en-
hanced N/O emerged as a recurring abundance finger-
print of SMS ejecta (D. Nandal et al. 2024a,c, 2025b,c).
The shell shown here therefore provides an explicit com-
position prediction for the compact circumstellar mate-
rial present at collapse, with direct observational diag-
nostics in N/O, C/0O, and He/H.

Taken together, these results define a late-time SMS
mass-loss channel in which rare strange-mode outbursts
eject only a modest fraction of the envelope, while the fi-
nal pre-collapse event leaves behind the compact, chem-
ically distinctive shell most relevant to the LRD phase.

4. DISCUSSION
4.1. From SMS to a Direct Collapse Black Hole

The final fate of the Z = 1072 Z5 SMS is set by
general-relativistic instability. We compute three esti-
mates of the onset of the GR radial instability based
on individual stellar snapshots. A linear adiabatic GR
criterion of H. Saio et al. (2024) and post-Newtonian
estimate of L. Haemmerlé (2021b) both place the onset
of instability at an age of roughly 1.3 Myr, while a rela-
tivistic adiabatic analysis which accounts for non-linear
perturbations finds a slightly earlier onset at 0.9 Myr (C.
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Nagele et al. 2022). The 1D GR hydrodynamics follow-
up confirms that this earlier model collapses to a black
hole. All three criteria agree that the SMS will live for
approximately one mega-year and will form a black hole
after losing a small fraction of its envelope. The GR hy-
drodynamics calculation shows that this black hole will
form within roughly 10* s of the instability, and that
the vast majority of the stellar material will fall into
the black hole. In this sense, the SMS provides a direct
pathway to a ~ 10° M, direct-collapse black hole.

We caveat that we have not included all relevant forms
of mass loss in these calculations, and therefore may be
underestimating the amount of mass ejected. In partic-
ular, line driven winds (C. Nagele & H. Umeda 2023;
C. Nagele et al. 2023a) and thermonuclear driven pul-
sations (C. Nagele et al. 2022, 2023b; C. Nagele & H.
Umeda 2024) can both liberate 100 ~ 1000 Mg, of SMS
material. The more material ejected, the lighter the
remnant black hole, but also the longer the cocoon re-
mains optically thick and resembles an LRD. For in-
stance if strange mode ejecta remains marginally bound,
or is decelerated by the dense natal reservoir and stalls
at the shell scale of 0.392pc, that ejecta would return
on a fallback timescale of ~ 1.3 x 10* yr. Larger ejecta
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Figure 4. Shell morphology implied by the four pulsation—
driven mass-loss episodes at the end of the Z = 1072 Zg
10° M model. The reference epoch is the end of the fourth
episode. The first three ejections have already coasted to
large radii and are optically thin, with shell bands spanning
~ 59 to 1766 pc and negligible optical depth. The fourth
event remains compact, extending from the stellar radius to
only 0.392 pc, and is the only shell that remains optically
important at collapse, with 7geo ~ 8. The immediate circum-
stellar environment is therefore set by the final strange-mode
eruption, while the earlier episodes survive only as diffuse
outer relics.

masses and stall radii would lead to longer fall-back
times. The importance of this fallback mechanism is
to prolong the lifetime of the optically thick cocoon and
to provide a new reservoir for accretion: if the returning
gas retains sufficient angular momentum, part of it could
circularize into a disc, providing a possible link between
SMS collapse and a longer-lived, gas-enshrouded accret-
ing source (M. C. Begelman et al. 2008; R. P. Naidu
et al. 2025).

4.2. Pulsation-driven shells as the origin of cool LRD
continua

Some recent works have argued that at least part of
the LRD continuum arises from cool dense gas with
characteristic temperatures of a few 10% K (H. Liu et al.
2025; D. Kido et al. 2025; B. Wang et al. 2026; A. de
Graaff et al. 2025b). Our models offer a natural way
to produce such values. The low observed temperature
does not have to trace the hydrostatic SMS surface. It
can instead be set by the last optically thick shell ejected
by pulsations.

The shell properties in our Z = 1072 Z5 model
are already sufficient for this. The luminosity stays
near log(L/Ls) ~ 9.57. Re-emitting that luminos-
ity at 4000 K requires a photospheric radius of only
~ 5.9 x 102 AU. For 3000 K, the required radius is
~ 1.05 x 10°> AU. These radii are only a few times
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larger than the hydrostatic SMS radius for T, ~ 7000—
8000 K, and they remain far inside the final shell extent
of ~ 0.392 pc.

The onset timescale is also short. Using the launch-
speed range of the last ejection, v ~ 2.2 x 102-1.36 x
103 kms™!, the shell reaches the 4000 K radius in only
~ 2-13 yr. It reaches the 3000 K radius in only ~ 4-
23 yr. A cool apparent photosphere can therefore be
established within only a few years to a few tens of years
after ejection. The inferred shell mass, ~ 3.5 x 1026 x
102 My, is large enough that only a modest continuum
opacity is required for part of the ejecta to maintain
7 ~ 1 at these radii. Adiabatic expansion and later
dust formation would strengthen the same trend. In this
picture, an intrinsically hotter SMS can still produce a
continuum with an apparent temperature of only 3000—
4000 K.

4.3. Predicted observational signatures

The predicted photospheric Tog ~ 7000 K and dusty
shells should give the SMS a yellow-hypergiant-like ap-
pearance. This is a rare stellar class in the Milky
Way and nearby galaxies, but scaled up in luminos-
ity and with a different abundance pattern. Objects
such as IRC+10420 and IRAS 17163-3907 (the “Fried
Egg Nebula”) show moderately reddened late-A /early-
F spectra with characteristic (broad) emission and ab-
sorption lines formed in their complex circumstellar en-
velopes (R. M. Humphreys et al. 1997, 2002; E. Lagadec
et al. 2011; S. H. J. Wallstrom et al. 2015). SMSs should
generate such features, although the different fiducial
layer abundance pattern shown in Fig. 5 can modify
various absorption-line ratios. We may expect weaker
oxygen, carbon, and magnesium, and stronger nitrogen
features. Any iron lines would reflect the composition of
the birth gas rather than in-situ production during the
hydrogen-burning stage.

Pulsation-driven mass loss produces multiple shell
components with characteristic launch speeds of order
102-10% km s~!. This should produce blueshifted multi-
component absorption lines, or asymmetric profiles if
the components blend, from atomic species such as Nal
and K1 at sufficiently high column density. At the same
time, line-driven mass loss at 1072 Z;, should produce
more classical wind signatures, including P Cygni-like
profiles in lines such as Ha and metastable Hel. Such
broad hydrogen and helium features are already seen in
LRDs at both low (R. Lin et al. 2025; X. Ji et al. 2026)
and high redshift (J. Matthee et al. 2026).

5. CONCLUSION

In this Letter, we asked whether late pulsational mass
loss from supermassive stars can assemble the compact
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Figure 5. Composition of the final pulsation-driven shell at ¢ = 1.218 Myr. The left panel shows the abundance profile of the
outer envelope together with the fiducial and upper ejection windows; both sample the outer radiative layers, with the upper
window reaching slightly deeper. The right panel shows the integrated shell masses of H, He, C, N, and O for the fiducial and
upper shells. In both cases the ejecta are dominated by H and He, but the trace CNO composition is nitrogen rich.

ss7  circumstellar material required in SMS-based interpre-  so prior mass loss. It is the direct product of the
ss  tations of LRDs. Our results show that it can. Late sos final strange-mode outburst.
ss0  strange-mode pulsations create a small number of dis-
s crete pre-collapse ejection episodes that build a compact s e The final shell comes with direct, testable
sn  inner shell without removing more than a modest frac- sor predictions. In the fiducial Z = 1072 Z;, case,
sz tion of the stellar mass. Across the full metallicity range sos the final shell contains ~ 243 My of H and ~
s from Pop III to 1072 Z), this shell-ejection channel per- s 105 Mg of He, together with a robust nitrogen-
s sists. 600 rich trace composition, log(N/O) =~ 0.13 and
601 log(C/O) ~ —0.23. The ejecta are launched with
575 e Late-time SMS mass loss by pulsations is e characteristic speeds of order 102-10% kms~!. The
576 discrete rather than steady. The mass loss e shell therefore carries quantitative predictions in
577 does not appear as a persistent wind phase. It is eos mass, radius, velocity, and composition that can
578 concentrated into a finite number of strange-mode 05 be confronted directly with LRD observations.
579 ejection episodes, separated by long intervals of
580 relative quiescence. In the Z = 1072 Z5 model, 60 e Pulsations reshape the surroundings with-
s61 which provides the clearest LRD analogue, only 6o out erasing the heavy seed. In the Z =
se2 four fiducial episodes occur. They last 41.1, 60.6, o 107 Zo model, the total ejected mass is only
583 151.2, and 281.9 yr, and eject 10.4, 19.7, 101.9, oo 4.80 x 102 My, on the fiducial branch and 1.04 x
584 and 348.0 M. 610 103 My, on the upper branch, remaining a small
611 fraction of the stellar mass. The star reaches GR
585 e The shell relevant to the LRD phase is set oo instability at an age of ~ 1 Myr, and collapses on
586 by the last major ejection. Earlier ejecta have e a timescale of 10* s. The resulting seed therefore
587 hundreds of thousands of years to coast outward e remains close to the stellar mass at instability, of
588 and become optically negligible. The final pre- es order 10° M.
589 collapse event remains compact, extending only
590 from the stellar radius to ~ 0.392 pc, and is the e These results place SMSs at the center of several
501 only shell that remains optically important at col- 7 ideas that are often discussed separately. In the direct-
502 lapse, with 7geo ~ 8. The observationally relevant s collapse picture, massive black-hole seeds form directly

503 shell is therefore not the accumulated residue of 9 from collapsing protogalactic gas. In quasi-star models,
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a black hole grows inside a massive hydrostatic enve-
lope. In recent BH* interpretations of LRDs, a black
hole is embedded in dense gas that shapes the emergent
spectrum (R. Barkana & A. Loeb 2004; M. C. Begel-
man et al. 2008; R. P. Naidu et al. 2025). Our results
suggest that SMS evolution can provide the bridge be-
tween these frameworks: it can first assemble the com-
pact shell required for the observable LRD phase, and
then collapse almost intact into the heavy seed itself.
In this sense, the SMS links the circumstellar structure,
the LRD appearance, and the birth of the massive black-
hole seed in one continuous evolutionary pathway.

A logical next step is to turn these shell properties
into forward models of continua and line diagnostics, so
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that pulsational shell ejection from SMSs can be tested
directly against the observed spectra of LRDs.
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APPENDIX

A. EXTENDED METHODS

We analyse the full evolutionary outputs of five
GENEC supermassive-star sequences. FEach stored
model is treated as a complete stellar structure at one
evolutionary time: we read the full radial profile from
the StrucData file and use the auxiliary v file, when
present, to supply additional thermodynamic and trans-
port quantities. The calculation is therefore performed
on the full star for every stored model, rather than on a
reduced envelope subset.

For each model we retain the radial profiles needed for
the pulsation analysis,

r, M., P p, T, K, € Lig, Liot,

together with composition, convective quantities, and
the thermodynamic derivatives used to evaluate the adi-
abatic exponents,

Xp
rn=-—~2—— Al
1 1_ XTvad7 ( )

I's —1=T1Vaq. (A2)
Before proceeding, we require the structure to remain
physically well behaved, including monotonic radius and
enclosed mass and finite thermodynamic variables.

A.1. Candidate envelope regions

The later nonadiabatic analysis is not carried out
blindly over the whole star. Instead, we first iden-
tify physically motivated envelope regions where radial
driving is most likely to occur. These include the H,
Hel, and Hell partial-ionization zones, the iron-opacity
bump, the deeper iron feature, and a near-surface radia-
tive layer (H. Saio et al. 2024). In practice we use the
temperature intervals

>
w

H: 3.75 <logT < 4.20,
Hel: 4.20 <logT < 4.75,
Hell: 4.55 <logT < 5.10,
Fe: 5.15 <logT < 5.35,
6.15 < logT < 6.40,

>
~

>
>

A,-\Af\/—\
> >
s &
Je s s

deep Fe :

together with an outer surface layer defined by ¢ =
M, /M, 2 0.99.

We also evaluate simple envelope diagnostics as-
sociated with strange-mode behaviour in luminous,
radiation-dominated stars, including large L/M, low
outer gas-pressure fraction, short local thermal times,

893

894

895

896

897

898

899

901

902

903

904

905

906

907

908

909

910

912

913

914

915

916

917

918

919

920

922

923

924

925

926

927

928

929

930

and a large radiative flux fraction (H. Saio et al. 1998,
2013; T. Sonoi & H. Shibahashi 2014). These quantities
are used only to flag plausible driving regions. They do
not determine the final mode selection, which is based
instead on the shell-by-shell work analysis described be-
low.

A.2. Radial modes

We begin with linear adiabatic radial pulsations. In
Newtonian gravity, writing the radial displacement as
& = rn, the pulsation equation may be written in self-
adjoint form,

4[4

- [A(m dr] +[B(r) +w?C(r)]n=0, (A8

with
A(r) =T, Pr?, (A9)
E%r)=73£éK3F1—4)PL (A10)
C(r) = pr. (A11)

Regularity is imposed at the centre, and the outer
boundary condition is the vanishing of the Lagrangian
pressure perturbation,

AP =0. (A12)

We solve for the lowest radial modes by scanning eigen-
frequency space, locating sign changes in the surface
residual, and refining each root by bisection.

To place the same sequences in a relativistic context,
we also solve the general-relativistic radial problem fol-
lowing H. Saio et al. (2024). The equilibrium metric is

written as
ds? = —e?c?dt? + e dr? + r2dQ?, (A13)

and the perturbation equations are solved in the vari-
ables

& _ap
=2, Ya=—, (A14)
with
dYq B da Y;
dlnr (3 dlnr) N Ty’ (A15)
dYs 9
= [AGR +w DGR] Y1 + BgrYa. (A16)
dlnr

This GR calculation is used to follow the approach to
relativistic softening and instability. The Newtonian
modes remain the default basis for the driving and mass-
loss estimates described below.
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A.3. Quasi-nonadiabatic driving and mode selection

The next step is not a full nonadiabatic eigenvalue cal-
culation. Instead, we evaluate local driving and damp-
ing terms on the adiabatic eigenfunctions. This provides
a transparent picture of where positive work is concen-
trated and which physical channel is responsible for it.

The local compression implied by the radial displace-

ment is 14
- 2
Alnp = —725(7“ fr) )

and the associated adiabatic temperature response is

(A17)
AlnT,g = T3—1)Alnp. (A18)

To measure how effectively a layer can exchange heat
over one cycle, we compare the pulsation period P with
the local thermal time,

N
> j—i Ov,iT;Am;

tth(’r‘i) ~ I s (Alg)
and define
P 21’th
= —, = —. A20
Tth o fen 1+ xfh ( )

This weighting peaks when P ~ ty),. Convective damp-
ing is treated in the same spirit by comparing the pul-
sation period with the local convective turnover time.

Opacity driving is measured through the response of
the radiative conductivity,

T3
Krad X —, (A21)

Kp

to adiabatic compression. Using
dlnk =k dInT + k,dIn p, (A22)

together with the adiabatic relation for dInT, we obtain

(%) (3 mr)(Ts— 1)~ (14 5,). (A23)
Compression increases radiative trapping when this
quantity is negative, so the sign-reversed form serves
as our local opacity-driving proxy.

For completeness we also monitor the adiabatic sensi-
tivity of the nuclear energy generation rate,

€coeff = €T + (F?) - 1)€p' (A24)

This term is retained as a diagnostic, but it is not in-
cluded in the default net-driving sum and is not used as
the primary criterion for mode selection.

To represent the outer-envelope contribution, we in-
clude a separate surface term that grows when the local
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layer is radiatively dominated, weakly supported by gas
pressure, close to the surface, and dynamically impor-
tant in the eigenfunction. We interpret this term as a
proxy for surface-leakage or strange-mode-like behaviour
rather than as a formal strange-mode solution.

The local power densities are therefore written
schematically as

pCVT

prox (A Toa)? frad fon T, (A25)
th
CyT
Dsurf X ptV (A In Tad)2 Ssurfa (A26)
th
. CyT
Pconv X L ‘}/1 (A In Tad)2 feonv, (A27)
t

where frad = Lyaa/Ltos after repair, 7, is the opacity-
trapping factor, and Syt is the surface-driving proxy.
The default net driving is

ptot = pl-c + psurf + pconv~ (A28)

From these local terms we form the global mode en-
ergy and driving power,

1
Erode :/ipwggg dVvﬂ (A29)
P= / Prot dV, (A30)
and define the corresponding growth proxy,
P
frg . IQLi} 1
7 2Ewmode ( )

The work contributed by each shell over one cycle is

Wnen,i = pi AV; P. (A32)

The mode carried forward at each stored model is cho-
sen by balancing three considerations: positive growth,
concentration of positive work in a physically plausi-
ble envelope layer, and consistency between that work-
producing layer and the candidate region identified from
the equilibrium structure.

A.4. Re-identifying the driving layer

The outermost zones of luminous stellar models can
contain numerically unreliable radiative fractions (A.
Maeder & G. Meynet 2000). For that reason, we re-
examine the candidate driving region before converting
any unstable mode into a mass-loss estimate.

We first rewrite the opacity derivatives in more diag-
nostic forms. At constant pressure,

dlnk XT
oMY AT A
<8lnT)P T Xp ey (A33)
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while along an adiabatic path,

dlnk _ Kp
(dlnT)ad ST
These combinations provide compact measures of
whether compression tends to increase radiative trap-
ping.
Where the raw radiative luminosity fraction becomes

unphysical, we reconstruct the radiative luminosity from
the diffusion form of the temperature gradient,

16macGM, T*V
3xP '

We use the original profile where it remains admissible
and substitute the reconstructed value only in problem-
atic cells. The repaired profile is then used to rank the
candidate driving zones.

This step does not redefine the stellar model. Its pur-
pose is simply to ensure that the inferred driving layer is
physically plausible and not an artifact of a few patho-
logical outer mesh points.

(A34)

Lrad,rec = (A35)

A.5. Caveat on steady radiative mass loss

Other forms of mass loss may also operate during SMS
evolution and are not excluded here. During brief hot
blueward excursions, line-driven winds of the type de-
scribed by J. S. Vink et al. (2001) could in principle
contribute, while on the cool supergiant side one may
appeal to empirical prescriptions such as C. de Jager
et al. (1988). The difficulty is that these prescriptions
are not calibrated for near-Eddington SMS envelopes.

This uncertainty was explored by D. Nandal & S.
Chon (2026) for a Z = 107* Z5 SMS. Starting from
a mid core-H-burning model of 7.3973 x 10* M, they
evolved the star without further accretion or collisions
until H exhaustion. The de Jager prescription reduced
the final mass to 2.3421 x 10* My, implying a total
loss of ~ 5.1 x 10* M, whereas the Vink prescription
gave My = 6.2348 X 10* M, implying a loss of only
~ 1.2 x 10* M. In that test, the Vink-like wind be-
came important only during brief hot contraction phases
with Teg 2 2.5 X 10* K. These values should therefore
be read only as first-order bounds rather than as robust
SMS wind predictions. For that reason, and to isolate
the role of discrete pulsational ejection, we do not im-
pose an additional steady radiative-wind prescription in
the fiducial calculations. The mass loss discussed here
should therefore be read specifically as the pulsation-
linked component.

A.6. From unstable modes to mass loss

Once a driving layer has been identified, we translate
the pulsation diagnostics into a conservative estimate of
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pulsation-linked mass loss. The coupling is written in
terms of a luminosity fraction,

fcoup = mln[fcoup,maxa

C'branch gp maX(Wmetrica Ometric) Weonf bch:|
(A36)

where gp = P is the growth per period, Wietric
and Opetric measure how strongly the inferred driving
layer participates in the work budget, weons is a confi-
dence weight, and b., allows a modest dependence on
the dominant driving channel. The branch-dependent
ceiling feoup,max is listed in Table A1. We define

Wnetric = (f+f|W\)1/2a

) (A37)
Ometric = O.6f+ +0.4 mln(l, 2f|W\)

where f; is the fraction of the positive work budget
arising in the inferred driving layer and fjy| is the cor-
responding absolute-work fraction.

To reflect the weak binding of the outer envelope, we
replace the structural escape speed by an effective escape
scale,

2GM,\'?
Vesc,eff = Vesc/ fbind,effy Vesc = ( R *> )
*

(A38)
where fuing,e is a reduced binding factor derived from
the local gas-pressure fraction and radiative support.
This is a simple envelope-binding proxy rather than a
full dynamical calculation.

The mass-loss rate is then written in energy-limited
form,
M = %7

Uesc,eff

Ldrivc - fcoupL* . (A39)

Here 7 is an explicit efficiency factor, varied over low,
fiducial, and high branches. Each estimate is capped by
the mass accessible above the inferred driving layer, so
that the procedure cannot eject more material than is
locally available.

The numerical coefficients used in this mapping are
collected in Table Al. Surface-dominated cases are
allowed to couple more strongly than deeper opacity-
driven cases, reflecting the weaker binding of the outer-
most layers.

This part of the method is necessarily approximate.
The present work does not solve nonlinear radiation hy-
drodynamics, so the mapping from pulsational driving
to M should be read as a structured estimate rather
than as a unique prediction.
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Table A1l. Branch-dependent parameters used in the pulsation—mass-loss mapping.

Branch family Chranch  fecoup,max  Mlow, Mfid, Mhigh Accessible mass cap Macce
Surface-leakage dominated 6 0.05 0.10, 0.30, 1.00 min[Ms, max(0.5Ms, Mgy,)]
Opacity-dominated 4 0.02 0.03, 0.10, 0.30 min(0.35Mgp, Ms)
Mixed 5 0.03 0.05, 0.15, 0.50 min(0.6M~, 0.6M, + 0.4M)
Indeterminate 3 0.015 0.03, 0.10, 0.30 min(0.25 Mgy, M)

NOTE—Mj}, is the mass contained in the inferred driving shell and M~ is the mass above the inner edge

of that shell.

A.7. Finite ejection episodes along each sequence

A non-zero M at a single stored model is not inter-
preted as a long-lived steady wind. Instead, it marks
that stored model as pulsationally active. We do not
impose an additional floor in event mass or duration at
this grouping stage: models with M = 0 are treated
as quiescent, while contiguous active models are merged
into one episode. If only one stored model in a local in-
terval is active, we still assign it a finite duration based
on the shorter of the local evolutionary spacing and an
intrinsic pulsation timescale,

Ateg = min[Athalf—gapv maX(NgrongrOW7 NPP)] .
(A40)
The mass associated with an isolated episode is then

AM,p, =~ M Ateg, (A41)

while multi-model episodes are integrated over the sam-
pled active interval. In this bookkeeping, every non-zero
M estimate in the sampled sequence belongs to exactly
one episode, so there is no separate off-episode contri-
bution omitted from the cumulative ejecta mass. In all
cases, the low, fiducial, high, and upper-limit branches
are kept mutually consistent and are subject to the same
reservoir cap.

A.8. Velocity scales and shell estimates

Finally, we translate the episode-integrated results
into a small set of observer-facing quantities. Alongside
the escape speed, we define two characteristic pulsation
speed scales,

R, 2R,

UR/P = p VarR/P = T (A42)

and the displacement amplitude required for a sinusoidal

oscillation to reach escape,
Vesc P
Acrit,esc = 2:;%* . (A43)

We also report radiative momentum and energy limits,

L. 2L, 1/2
D Vtir = [max (07 — Ugsc)] .
Mec M

(A44)
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These are not predictions of a unique terminal veloc-
ity; they are compact measures of whether the inferred
event-averaged mass flux is broadly compatible with the
available radiative budget.

To estimate where ejected material would lie at a later
time, we propagate each episode outward with a simple
bracket of launch speeds,

(A45)

Ulow = VR/P> Uhigh = V27xR/P-

For an episode evaluated at time %,.¢, with start and end
times tgart and tenq, the inner and outer shell radii are

(A46)
(A47)

Tin = max[rlaunch7 Vlow (tref - tend)Jr] s

Tout = max[rin, Tlaunch + Uhigh(trcf - tstart)+] )

where (z)4 = max(z,0). From these we define the shell
thickness,

AR = rout — Tin, (A48)
and the thin-shell surface density,
Msh
Yen(r) = , A49
() = (A19)
which gives an optical-depth proxy,
T(r) =~ Kk Zen (7). (A50)

For the shell diagnostics quoted in the main text, we
evaluate this proxy at the inner edge, outer edge, and
geometric-mean radius of the shell, giving 7, = 7(rin),
Tout = T(Tout), and Tgeo = T(y/TinTour). Unless stated
otherwise, we adopt a constant electron-scattering opac-
ity k = 0.34cm?g~! for these order-of-magnitude esti-
mates.

A.9. Composition of the ejected layers

For selected episodes we also examine the composition
of the outer layers implicated by the inferred mass loss.
If an episode ejects a mass AM,p, the corresponding
outer mass depth is

Agep = L. (A51)
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We then inspect the abundance profiles over the outer
mass interval associated with that depth. This proce-
dure does not introduce any additional mixing or nu-
cleosynthesis; it simply identifies the composition of the
layers that would be sampled by an ejection of the in-
ferred depth. These abundance diagnostics are used only
as a post-processing aid when interpreting the compo-
sition of the expelled material. The abundance ratios
reported in the main text are computed from the inte-
grated shell masses over that selected interval and are
quoted as shell-averaged logarithmic number ratios.

A.10. Metallicity dependence of the shell and ejecta
diagnostics

Table A2 shows that all five Phase XVI sequences
end with nearly the same final mass, M; ~ 10° Mg,
but not with the same late-time pulsational behaviour.
The main metallicity dependence appears instead in the
number of eruptive episodes, the amount of mass re-
moved, the compactness of the terminal envelope, and
the chemistry of the expelled shell. The central result is
already clear from the table itself: pulsation-driven shell
ejection is not unique to the Z = 1072 Z, model, but is
present from Pop III to 1072 Z,.

The non-monotonic behaviour with metallicity is
physically expected. In luminous stars, strange-mode
instability is not controlled by a single opacity feature.
Classical stability calculations identify one family asso-
ciated with He ionization and another associated with
heavy-element opacity enhancement (M. Kiriakidis et al.
1993). The first can remain important even at very low
metallicity, while the second becomes stronger as metal
opacity increases. Near-Eddington envelopes can there-
fore remain susceptible to inflation and strange-mode
driving across a wide metallicity range. The existence
of pulsations is thus generic, but their timing, multiplic-
ity, and ejecta yield need not vary smoothly with Z.

This interpretation helps explain the burst statistics
in Table A2. The Z = 1072 Z, sequence produces the
largest number of fiducial episodes, Nep = 28, whereas
the Z = 107°Z5 model yields the largest cumula-
tive ejecta mass, AMy; = 6.26 x 103 My, on the fidu-
cial branch and 1.47 x 10* My on the upper branch.
By contrast, the Z = 1072 Z, case shows only four
fiducial episodes and the smallest total ejected mass,
AM,; = 4.80 x 10% M. Frequent bursting and efficient
mass removal are therefore not the same thing.

The terminal structural quantities in Table A2 divide
the grid into two broad regimes. The Pop III model is
the clear outlier: it ends much hotter and more compact,
with log Teg r = 4.872 and Vegse,last = 7731 km s~!. The
metal-enriched models instead cluster near logTeg p ~
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4.0 and Vesclast =~ 1200-1600 kms™!, while all retain
I'gaq,r = 1. This suggests that the decisive metallicity
effect is not a large change in L/M itself, but a change
in how that near-Eddington luminosity is expressed in
the envelope structure. Once the metal-enriched mod-
els settle into cooler and less tightly bound envelopes,
strange-mode driving can more easily expel optically im-
portant outer material.

The shell quantities strengthen the same conclusion.
Across the entire grid, the shell identified in Table A2
remains compact and optically thick, with 7.5 between
~ 7.4 x 10% and 1.3 x 10%. Thus, the production of
a dense inner shell is not restricted to one metallicity.
What changes with Z is the balance between total ejecta
mass, shell compactness, and terminal stellar state. In
this sense, the Z = 1072 Z5 model is not special be-
cause it maximizes the ejected mass. It is special be-
cause it provides the clearest LRD analogue, combining
the coolest enriched terminal state with a compact op-
tically thick shell.

The chemical columns of Table A2 add a second strong
conclusion. The Pop III shell is chemically distinct,
with very large positive log(C/O) and log(N/O), mark-
ing the extreme primary-processing limit. Among the
metal-enriched models, the shells remain H/He domi-
nated, but the detailed CNO pattern changes with both
metallicity and ejection depth. The Z = 107° Z and
Z = 107* Z models show appreciable branch sensitiv-
ity, especially in log(N/O), whereas the Z = 1073 Z
and Z = 1072 Z, cases give robust nitrogen-rich shells.
For the Z = 1072 Z model, log(N/O) = 0.334-0.359.
For the Z = 1072 Z; model, the final-shell values are
log(N/O) ~ 0.13 and 0.10 for the fiducial and up-
per branches, respectively, consistent with the main-
text shell analysis. The He/H ratio varies much less
than the CNO ratios, confirming that these events ex-
pel outer H/He envelope material rather than exposing
a fully processed core. Among the metal-enriched mod-
els, Ne/O is also more stable than N/O, which makes
N/O the sharper abundance discriminator.

Taken together, Table A2 shows that late pulsational
shell ejection is a generic feature of our SMS models, not
a peculiarity of the Z = 1072 Z sequence. Metallicity
does not decide whether such shells occur at all; it regu-
lates how they occur. Lower and intermediate metallic-
ities can eject more total mass and often do so through
more numerous episodes, while finite-metallicity models
near 1073-1072 Z, produce the clearest combination of
a cool inflated terminal state, a compact optically thick
shell, and an observationally useful nitrogen-rich com-
position.
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A.11. GR stability analysis

At each stellar-evolution timestep, we assess the ap-
proach to collapse with three complementary GR sta-
bility criteria: the full linear adiabatic GR analysis of
H. Saio et al. (2024), the post-Newtonian instability es-
timate of L. Haemmerlé (2021a), and the GR radial-
stability method of C. Nagele et al. (2022). The first
two define the main evolutionary instability point used
in the stellar-evolution analysis, while the Nagele et al.
criterion is also used to select the snapshot for the hydro-
dynamic follow-up. In practice, this criterion identifies
a slightly earlier unstable model and avoids remapping a
profile with an artificially steep outer pressure gradient.

For the direct GR radial-stability check, we solve the
Chandrasekhar pulsation equation (?),

4dP

—oa_p @ [63““’1“1P d
6 PR— P —
r dr

dr 72 dr (6“1"2{)}

871G
+e 2P (P 4 pc?)¢ — 7:4 e P(P + pc?)§

1 2
o () e=0
P+ pc2 \ dr

which has previously been applied to numerical SMS
models (L. Haemmerlé 2021a; C. Nagele et al. 2022).
Here p = pparyon(1 + €/c?) is the relativistic density, a
and b are metric coefficients, and £(r)e’? is the radial
displacement. The solutions form a discrete mode se-
quence with w? < w2, ,. Instability therefore occurs
once the fundamental mode satisfies w3 < 0. We have
cross-checked this criterion against the hydrodynamic

collapse calculations described below.

(A52)

A.12. 1D GR hydrodynamic follow-up

Once an unstable snapshot is selected with the GR
stability analysis above, we remap the GENEC structure
to a 1D Lagrangian GR hydrodynamics code (C. Nagele
et al. 2020). The code includes a 52-isotope nuclear
network and thermal-neutrino cooling (C. Nagele et al.
2021). We use this calculation as a consistency check
on the linear stability analysis and to verify the final
collapse outcome of the unstable SMS.

Figure 6 illustrates the collapse dynamics in the base-
line run. The velocity profiles are initially close to ho-
mologous, with inward motion across most of the star.
At later times, the inner regions accelerate more strongly
than the outer layers, and the collapse becomes increas-
ingly centrally concentrated as black-hole formation ap-
proaches. In the baseline non-rotating calculation, we
find collapse rather than disruption.
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Figure 6. Radial velocity profiles in units of ¢ as a function
of enclosed mass coordinate for selected times in the 1D GR
hydrodynamic follow-up of the unstable SMS model. The
collapse is initially close to homologous, with inward motion
across most of the star, and later becomes increasingly cen-
trally concentrated as black-hole formation approaches.

A.13. Why a truly cool hydrostatic photosphere is not
required

The shell-reprocessing picture above offers a natural
explanation for the low apparent continuum tempera-
tures inferred for some LRDs. It also avoids a difficulty
faced by models in which the central source itself has a
true hydrostatic photosphere at T,z ~ 3000-4000 K.

A stellar photosphere in that temperature range
should resemble a cool supergiant atmosphere. Such
spectra are expected to show strong molecular absorp-
tion bands, especially from T30, and often also from Cy
and CN (E. M. Levesque 2017). These features should
remain visible even at low spectral resolution. Even red
supergiants with weak C'IN still show clear 770 struc-
ture (P. Guhathakurta et al. 2025). By contrast, a hot-
ter source seen through an expanding dense shell can
produce a much cooler continuum without requiring the
underlying source itself to be a 3000-4000 K star.

Dense shells also provide a natural route to redden-
ing. A moderately reddened Tog ~ 7000 K atmosphere
can resemble a cooler atmosphere without strong molec-
ular bands in low-resolution data. This helps explain
why continuum-based temperature estimates alone may
bias the source toward artificially low values. The low-
redshift LRD analog J1025 + 14 supports this caution.
Its continuum appears very cool, yet its absorption fea-
tures imply substantially higher surface temperatures
(R. Lin et al. 2025; X. Ji et al. 2026).



Table A2. Summary of the five 10° My Phase XVI sequences as a function of metallicity. Listed are the number
of fiducial ejection episodes, the total integrated ejected mass AM,;, the largest single-episode ejecta mass Mep max,
the final stellar mass M, the final effective temperature log Teq ¢, the final Eddington factor I'gdq,r, the terminal
escape speed Vesc,last, the upper launch-speed proxy Uf:unch» and the characteristic radius Rsy and electron-scattering
optical depth 7es of the most relevant shell. The final columns give the integrated ejecta abundance ratios log(C/O),
log(N/O), log(He/H), and log(Ne/O) as logarithmic number ratios. For cells with two entries, the upper and lower

SMSs As LRDs

values correspond to the fiducial and upper-limit cases, respectively.

.
-+
Vesc,last  Vlaunch

AMej  Mep,max Mg Ry
Z/Zg Nep [Mg] [Mg] [Mp] logTegr ¢ Tgaa,s [kms™'] [kms™'] [pc] Tes log(C/O) log(N/O) log(He/H) log(Ne/O)
2004.6  976.6 2.805 3.542 -T.083 -9.446
0 14 2711.8 1004.8 100662 4.872  0.977 7731 5058  1.4e-05 1.26 x 10%  2.797 3.538 -1.083 -9.440
6262.1  755.9 -0.756 -0.109 -1.048 -0.542
107% 24 14656.4 1000.1 100888  4.018 1.005 1432 1291 1.2e-04 2.30 x 103  -0.832 0.145 -0.917 -0.528
1854.8  990.5 -0.385 -0.519 -1.077 -0.545
10=% 14 3336.2 1000.9 100653  4.058 1.006 1574 1382  5.3e-05 2.25 x 10°  -0.562 -0.253 -1.057 -0.535
4827.4  998.9 -0.249 0.334 -0.659 -0.551
1073 28 7196.6  999.2 100185 4.066  0.994 1555 29656  9.3e-05  742.71 -0.246 0.359 -0.630 -0.551
479.9 348.0 -0.232 0.13 -0.966 -0.505
1072 4 1039.6  599.9 100254 3.965  0.980 1176 1358  1.5e-04 2.46 x 103  -0.263 0.10 -0.969 -0.505

NoTE—For cells with two entries, the upper and lower values correspond to the fiducial and upper-limit cases, respectively. Rg}, is in pc. Abundance

ratios are logarithmic number ratios.
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