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A B S T R A C T 

The gravitational wav e ev ent GW231123 det ect ed by the Laser Int erferomet er Gra vitational-Wa v e Observat ory (LIGO) 
int erferomet ers during their fourth observing run features two black holes (BHs) with source-frame masses of 137 

+23 
−18 and 

101 

+22 
−50 M � – in the range of the pair-instability BH mass gap predicted by standard stellar evolution theory. Both BHs are 

also inferred to be rapidly spinning ( χ1 � 0 . 9 , χ2 � 0 . 8 ). The primary object in GW231123 is the heaviest stellar mass BH 

det ect ed t o dat e, which, t ogether with its e xtr eme r otation, raises questions about its astr ophysical origin. A ccounting for 
the unusually large spin of ∼0 . 9 with hierarchical mergers requires some degree of fine-tuning. We inv estigat e whether 
such a massive, highly spinning object could plausibly form from the collapse of a single rotating massive star . W e simulate 
stars with an initial core mass of 160 M � – sufficient to produce BH masses at the upper edge of the 90 per cent credible 
interval for m 1 in G W231123 – acr oss a range of rotation rates and 

12 C(α, γ ) 16 O reaction rates. We allow for differential 
r otation to e xplor e the high-spin r egime. In this limit of weak angular momentum transport, we find that (i) rotation 

shifts the pair-instability mass gap to higher masses, introducing an important correlation between masses and spins in 

gr avitational w ave predictions, and (ii) highly spinning BHs with masses � 150 M � can form above the mass gap. Our 
results suggest that the primary object of GW231123 may be the first directly observed BH that formed via direct core 
collapse following the phot odisint egration instability. 

Key words: gr avitational w aves – black hole mergers. 

1

O
f  

m

m

a  

d  

0  

s  

2  

c
s
t
(  

K  

P  

T

G

�

c  

r  

i  

e  

a
B  

a
p  

(  

2  

n
χ  

G
fi
e  

t  

t
t

m  

b  

©
P
C
r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/3/stag073/8431335 by guest on 11 February 2026
 INTRODUCTION  

n 2023 November 23, the LIGO Hanford and Livingston inter- 
eromet ers det ect ed a short, ∼5 -cy cle signal consist ent with the

erger of two black holes (BHs) with source-frame masses 

 1 = 137 +23 
−18 M �, m 2 = 101 +22 

−50 M �, (1) 

t redshift z ≈ 0 . 39 (A. G. Abac et al. 2025 ). This event,
ubbed GW231123, has total mass ( 190 –265 M �) and spins ( χ1 �
 . 90 +0 . 10 

−0 . 19 , χ2 � 0 . 80 +0 . 20 
−0 . 51 ), pushing into a r egime wher e waveform

ystematics still need to be fully understood (A. G. Abac et al.
025 ). Yet its high signal-to-noise ratio ( ∼22 . 5 ) and two - detector
oincidence makes its identification robust. The high masses and 

pins distinguish GW231123 as a qualitatively new class of sys- 
em, raising questions about its possible (astro)physical origin 

see e.g. I. Bartos & Z. Haiman 2025 ; I. Cuceu et al. 2025 ; F.
ır o ̆glu, K. Kr emer & F. A. Rasio 2025 ; Y.-J. Li et al. 2025 ; L.
aiella et al. 2025 ; J. Stegmann, A. Olejak & S. E. Mink 2025 ; A.
anikawa et al. 2025 ; C. Yuan, Z.-C. Chen & L. Liu 2025 ). 
Ostensibly, the combination of large masses and large spins in 

W231123 could be explained by binaries formed through hierar- 
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hical mergers (for context, see D. Gerosa & M. Fishbach 2021 and
 efer ences ther ein), and this appears to be a leading e xplanation
n some of the r ecent literatur e (A. G. Abac et al. 2025 ; Y.-J. Li
t al. 2025 ; L. Paiella et al. 2025 ; J. Stegmann et al. 2025 ). We
rgue that a hierarchical merger origin for GW23112’s primary 
H is unlikely; cf. I. Bartos & Z. Haiman ( 2025 ) for a similar
rgument. Hierarchical mergers in dense stellar environments 
roduce a spin distribution that is sharply peaked at χ ∼ 0 . 7
M. Fishbach, D. E. Holz & B. Farr 2017 ; D. Gerosa & E. Berti
017 ), which matches the primary BH spin in GW231123 only
ear the lower edge of its 90 per cent credible interval. Spins of 
∼ 0 . 9 are too large to be explained as merger remnants (D.

erosa, N. Giacobbo & A. Vecchio 2021 ), requiring substantial 
ne-tuning of the progenitor binary (involving either a somewhat 
 xtr eme mass ratio and/or mostly aligned spins). Motivated by
hese considerations, in this work we e xplor e the possibility that
he primary component of GW231123 could have formed from 

he direct collapse of a rotating massive star. 
St ellar ev olution theory predicts a ‘pair-instability’ black hole 
ass gap (BHMG) between approximately 60 and 130 M �, driven

y electr on-positr on pair pr oduction in helium cor es that powers
pulsational) pair-instability supernovae [hereafter (P)PISN] and 

ompletely disrupts stars with core masses up to ∼135 M � (W. A.
owler & F. Hoyle 1964 ; Z. Barkat, G. Rakavy & N. Sack 1967 ;
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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. Rakavy & G. Shaviv 1967 ; G. S. F r aley 1968 ; S. E. Woosley,

. Heger & T. A. Weaver 2002 ; M. Spera & M. Mapelli 2017 ; S.
. Woosley 2017 ; R. Farmer et al. 2019 , 2020 ; S. E. Woosley &
. Heger 2021 ; E. Farag et al. 2022 ; A. K. Mehta et al. 2022 ; D.
. Hendriks et al. 2023 ). Various stellar parameters and other
ffects determine the location of the BHMG, most importantly
he 12 C(α, γ ) 16 O rate (K. Takahashi 2018 ; R. Farmer et al. 2019 ,
020 ; J. Sakstein et al. 2020 ; E. Farag et al. 2022 ; A. K. Mehta et al.
022 ), which can give variations of ∼47 M � (A. K. Mehta et al.
022 ) in the location of the upper and lower edges of the BHMG.

If it had zero spin, the primary BH in GW231123 would likely
ie above the BHMG unless the 12 C(α, γ ) 16 O reaction rate were

3 σ smaller than its median value (A. K. Mehta et al. 2022 ). How-
ver, this is based on simulations of (P)PISN that have neglected
otation, so this conclusion is unlikely to apply to GW231123 and
ts e xtr emely high spins. Indeed, pr evious theor etical work (P.

archant & T. Moriya 2020 ) has shown that rotation can raise
he lower edge of the gap by ∼15 per cent (from 45 . 5 to 52 . 4 M �).
t is currently not known how rotation affects the upper edge of 
he BHMG. 

A major uncertainty in modelling the rotational evolution of 
 ery massiv e stars is the efficiency of internal angular momen-
um transport. Much of the empirical support for strong core–
nv elope coupling, oft en modelled via the Spruit–Ta yler (ST) dy -
amo, comes from low- and int ermediat e-mass stars. Its opera-

ion in v ery massiv e, radiation-dominat ed, and rapidly evolving
tars, how ev er, remains largely unconstrained observationally.
he high spin inferred for the primary of GW231123 would be
ifficult to reconcile with standard stellar evolution models that
nfor ce near-rigid r otation thr oughout the star’s lifetime. Moti-
ated by this tension, we e xplor e an optimistic bracketing sce-
ario in which internal angular momentum transport is ineffi-
ient, allowing the core to retain substantial rotation up to col-
apse. This assumption is not meant to be r epr esentative of typical

assive stars, but rather to test whether the photodisintegration
ormation channel can remain viable even in the e xtr eme case
 equir ed by GW231123. Finally, we note that several studies have
roposed evolutionary scenarios in which progenitors retain or
 eg ain substantial cor e r otation, including chemically homoge-
eous evolution (P. Marchant et al. 2016 ; S. E. Mink & I. Mandel
016 ; S. A. Popa & S. E. Mink 2025 ), early envelope stripping in
inaries (Y. Qin et al. 2018 ), and tidal spin-up (A. Olejak & K.
elczynski 2021 ). Our results provide a first indication of how
air-instability boundaries might be modified in such scenarios,

ndependent of the detailed mechanism by which the core is spun
p. 

 C  ORE  C  O L L A P S E  I N S  TAB I L I T I E S  

he predicted BHMG is a direct result of the physics of pair
nstability, a well-studied effect (W. A. Fowler & F. Hoyle 1964 ;
. Barkat et al. 1967 ; G. Rakavy & G. Shaviv 1967 ; G. S. F r aley
968 ; S. E. Woosley et al. 2002 ; M. Spera & M. Mapelli 2017 ; S. E.
oosley 2017 ; K. Takahashi 2018 ; R. Farmer et al. 2019 , 2020 ; S.

. Woosley & A. Heger 2021 ; E. Farag et al. 2022 ; A. K. Mehta et al.
022 ; D . D . Hendriks et al. 2023 ) in massive post-main-sequence
tars. A t core temper atures � 10 9 K , high-energy phot ons conv ert
nto non-r elativistic electr on–positr on pairs, softening the equa-
ion of state such that the adiabatic index �1 < 4 / 3 , causing the
ore to contract, which in turn leads t o explosiv e nuclear burning,
rimarily of o xy gen. If the r eleased nuclear energy e x ceeds the
ravitational binding energy, the star is complet ely disrupt ed with
NRAS 546, 1–6 (2026) 
o BH remnant. In a slightly lower mass range, the explosion is
 eaker and inst ead ejects the out er lay ers in pulses (a PPISN),

emoving mass until the remaining core collapses to a lighter
H. Above a critical helium core mass ( ∼130 M �), stellar cores
ecome so hot ( T c � 9 × 10 9 K ) that high-energy photons begin
 o phot odisint egrat e ir on-gr oup nuclei into α-particles and free
ucleons. This endothermic process decreases pressure support

n the core (relative to continued nuclear burning), accelerat-
ng collapse – a phenomenon known as the phot odisint egration
nstability. In this scenario, the star implodes directly to a BH,
efining the upper edge of the BHMG. 
Rotation impacts pair instability through tw o relat ed mecha-

isms. First, the extra support provided by the centrifugal force
esults in lower temperatures at a given central density com-
ared with non-rotating stars (P. Marchant & T. Moriya 2020 ; T.
. Huynh, E. Chatzopoulos & N. Zaman 2025 ). This shifts the

tar away from the regime where the effective adiabatic index
rops below the critical value of 4 / 3 for dynamical instability.
econdly, if the core contracts while approximately conserving
ngular momentum, it spins up, further incr easing centrifug al
upport during contraction, effectively lowering the critical value
f �1 for stability below 4 / 3 . Together, these effects act to stabilize
apidly rotating stars against pair instability. It is presently not
nown what the effect on phot odisint egration instability is. 
In the absence of rotation, the onset and outcome of (P)PISN

epend sensitively on the rates of core helium-burning reactions,
articularly the competition between the triple- α process, which
roduces 12 C, and the subsequent 12 C(α, γ ) 16 O channel. While
ncertainties in both reaction rates affect the carbon-to - o xy gen
 atio, v ariations in the 12 C(α, γ ) 16 O rate are the most important,
ominating the shift in the carbon–o xy gen cor e mass at which
lectr on-positr on pair production induces dynamical instability
nd thus altering the mass thresholds for (P)PISN events (K.
akahashi 2018 ; R. Farmer et al. 2019 , 2020 ; E. Farag et al. 2022 ;
. K. Mehta et al. 2022 ). This rate is highly uncertain, with cur-
 ent e xperiments disagr eeing by statistically significant amounts
R. J. deBoer et al. 2017 ). It is ther efor e standar d practice to
onsider ±3 σ variations about the median between the various
xperimental constraints (T. Constantino et al. 2016 ; R. J. deBoer
t al. 2017 ; K. Takahashi 2018 ; R. Farmer et al. 2019 , 2020 ; M. T.
hidester, E. Farag & F. X. Timmes 2022 ; E. Farag et al. 2022 ; A.
. Mehta et al. 2022 ; M. T . Chidester, F . X. Timmes & E. Farag
023 ; D. Croon & J. Sakstein 2025 ). 

As the 12 C(α, γ ) 16 O rate is raised, a larger fraction of 12 C is
onv ert ed int o 16 O during cor e helium burning . This higher o xy-
en abundance results in a str onger e xplosion, while the lower
2 C abundance implies less carbon is available to form a con-
 ectiv e 12 C burning shell t o count er act contr action (R. Farmer
t al. 2020 ). Consequently, both the lower and upper edges of the
ass gap move downward in tandem, preserving a nearly con-

tant gap width of �M BHMG ≈ 80 +9 
−5 M � (A. K. Mehta et al. 2022 ).

 cr oss the full ±3 σ uncertainty in the reaction rate, the lower
oundary shifts from ∼59 +34 

−13 M � down to lighter values, while
he upper boundary moves from ∼139 +30 

−14 M � to correspondingly
ower masses (A. K. Mehta et al. 2022 ). 

 S I M U L AT I O N  S U I T E  

o assess the impact of rotation and nuclear physics on the
oundaries of the pair-instability regime, we computed a grid of 
tellar models with an initial helium core mass of 160 M �. This
 alue w as chosen such that, if no PISN occurs, the star can be
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xpect ed t o form a BH with mass at the edge of the measured
0 per cent confidence for m 1 in GW231123. We vary the stellar
otation rate 	/ 	crit between 0 and 1 to capture the effects of 
ncr easing centrifug al support. The critical angular velocity, 

crit ≡
√ 

(1 − �) G M 

R 

3 
eq 

, (2) 

s defined as the rotation rate at which the outwar d centrifug al
cceleration at the stellar equator exactly balances the inward 

ffective gravitational acceleration, where M is the gravitational 
ass, R eq the equatorial radius, and � ≡ L/L Edd = Lκ/ 4 πGMc

s the local Eddington factor that accounts for radiation pres- 
ur e. A dditionally, we e xplor e the v ariation of the r ate of the
emperature- dependent 12 C( α, γ ) 16 O reaction over ±3 σ from 

ts median rate R med (T ) . Here, σ parametrizes the variation as
 σ (T ) = R med (T ) exp [ σμ(T )] , with μ(T ) being the uncertainty
t each temperature point, which is assumed to follow a log- 
ormal distribution (R. J. deBoer et al. 2017 ; R. Farmer et al. 2020 ;
. K. Mehta et al. 2022 ). 
Our simulations were performed using the stellar structure 

ode mesa , version 15140 (B. Paxton et al. 2011 ; B. Paxton et al.
013 , 2015 , 2018 , 2019 ; A. S. Jermyn et al. 2023 ). While mesa is
 one-dimensional code – meaning that it assumes spherical 
ymmetry – it is capable of simulating rotating objects via the 
hellular appr o ximation, wher e the radial coor dinate r is r eplaced
ith the volume-equivalent radius of an isobar. A comprehensive 
escription of rotation in mesa is provided in B. Paxton et al.
 2019 ). Our code can be found in the paper’s r epr oduction pack-
ge (J. Sakstein 2025 ) at the following URL: https://zenodo.org/ 
 ecor ds/16898502 . 

We simulate 160 M � rotating helium cores with metallicity 
 = 10 −5 from the zero-age horizontal branch (ZAHB) to their
nd-state – either core collapse or disruption due to PISN – since 
heir hy drogen env elopes ar e e xpect ed t o be stripped by strong
tellar winds or binary interactions, leaving behind bare helium 

ores that determine the subsequent evolution (A. Heger & 

. E. Woosley 2002 ; J. J. Eldridge, R. G. Izzard & C. A. Tout
008 ; K. Belczynski et al. 2016 ; S. E. Woosley 2017 ). Rotation
s initialized at the ZAHB. Mass-loss to Wolf–Rayet winds are 
escribed, following the prescription of I. Brott et al. ( 2011 ), with
 rotational enhancement described in B. Paxton et al. ( 2013 ).
tars that approach critical rotation are subject to additional 
ass losses, following B. Paxton et al. ( 2013 ) that remove angular
omentum to keep them sub - critical. Conv ectiv e mixing is

mplemented following the time-dependent formulation of P. 
archant et al. ( 2019 ); M. Renzo et al. ( 2020 ), which captures

apid changes in conv ectiv e crit eria during phases of dynamical
nstability but reduces to standard mixing length theory on long 
imescales. We take the mixing length efficiency to be αMLT = 2 . 0 .
onvection is determined using the Ledoux criterion with 

emiconvection efficiency αSC = 1 . 0 . We employ exponential 
vershooting with f = 0 . 01 . The switch from convective mixing
 o ov ershooting occurs at a distance f p H P into the conv ectiv e
one, with f p = 0 . 005 and H p being the pr essur e scale-height.
e adopted the AGSS09 metal fractions (M. Asplund et al. 2009 ).

hese choices follow standard practice in recent studies of 
assive helium star evolution and pair-instability supernovae 

D. Croon, S. D. McDermott & J. Sakstein 2020 , 2021 ; J. Sakstein et
l. 2020 ; M. C. Straight, J. Sakstein & E. J. Baxter 2020 ; J. Sakstein,
. Croon & S. D. McDermott 2022 ; D. Croon & J. Sakstein 2024 ),

ncluding the rotation prescription introduced by P. Marchant & 

. Moriya ( 2020 ). We replaced the default mesa 

12 C(α, γ ) 16 O rate
ith the state -of-the -art tabulated values from A. K. Mehta et al.
 2022 ), which sample the R. J. deBoer et al. ( 2017 ) rates; again
onsist ent with cont emporary w orks (E. Farag et al. 2022 ; A. K.
ehta et al. 2022 ; D. Croon & J. Sakstein 2025 ). Our resolution

s higher than most mesa PPISN studies, following recent works 
hat suggest such high r esolutions ar e needed to fully resolve
he core collapse-PPISN transition (E. Farag et al. 2022 ; A. K.

ehta et al. 2022 ; D. Croon & J. Sakstein 2025 ), although we
ote that a resolution study on the PISN-phot odisint egration
oundary has yet to be performed. Specifically, we set 
elta_lgRho_cntr_limit = 0.001d0 and max_dq 
 5d-4 to enforce a smaller time-step and higher spatial 

esolution. 
As not ed abov e, our study is motivat ed by proposed ev olution-

ry scenarios in which BH progenitor stars are rapidly r otating .
or this reason, we do not include the ST dynamo (H. C. Spruit
002 ), which is commonly in vok ed in stellar models to enforce
ear-rigid r otation thr ough efficient angular momentum cou- 
ling between stellar layers (J. Fuller & L. Ma 2019 ; J. Fuller & W.
u 2022 ). The physical validity and efficiency of this mechanism
emain uncertain, and several studies have questioned whether 
he magnetic instabilities r equir ed to sustain the ST dynamo can
perate under realistic stellar conditions (e.g. P. A. Denissenkov &
. Pinsonneault 2007 ; J. P. Zahn, A. S. Brun & S. Mathis 2007 ). 
At the same time, it is widely recognized that some form of 

fficient angular momentum coupling must operate in stars in 

r der to r epr oduce observ ational constr aints, particularly those
nferr ed fr om low- and int ermediat e-mass st ellar remnants, such
s the slow rotation of white dwarfs and neutron stars and the
odest cor e–envelope differ ential r otation observ ed in ev olv ed

tars. Whether similarly efficient coupling operates in the very 
assive stars considered here, especially in the pair-instability 

 egime, r emains uncertain. 
Models that adopt efficient angular momentum transport via 

he ST dynamo predict nearly non-rotating BHs (P. Marchant & 

. Moriya 2020 ), which are difficult to reconcile with the high-
omponent spins inferred for GW231123, potentially pointing to 
 eaker int ernal angular momentum transport in its progenitor. 1 
e ther efor e allow for differ ential r otation and spin retention in

ur models, which both enables high-spin remnants and directly 
mpacts the onset of pair instability by shifting the upper edge
f the mass gap to higher masses. Demonstrating that a rapidly
pinning primary can still form above the mass gap strengthens
he plausibility of a stellar-origin scenario involving photodisin- 
egration collapse. 

Some simulations feature spin parameters exceeding unity at 
ore collapse. Although the BH may form with maximal spin, 
urther accretion can reduce its spin if the added mass is not ac-
ompanied by sufficient angular momentum or if e x cess angular
omentum is expelled by magnet ohy drodynamic feedback (e.g. 

. C. McKinney, A. Tchekhovskoy & R. D. Blandford 2012 ). To
stimate the final spin of the BH, we adopt a version of the model
eveloped by A. Batta & E. Ramirez-Ruiz ( 2019 ), consistent with
revious work (P. Marchant & T. Moriya 2020 ). We assume that
he innermost 3 M � of the pr ogenitor collapses pr omptly into a
H with maximal spin. We have explicitly verified that the results
re insensitive to the size of this core; see Appendix A for more
etails. The remainder of the star is assumed to either fall directly
MNRAS 546, 1–6 (2026) 

https://zenodo.org/records/16898502
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M

Figure 1. Final BH mass as a function of initial rotation, with initial 
helium core mass 160 M � for sever al v alues of the 12 C(α, γ ) 16 O rate. 
The top panel shows results as a function of the initial stellar rotation 
	 in units of the critical value 	crit ; the bottom panel shows results 
as a function of the BH spin χ . Stars with faster rotation and smaller 
12 C(α, γ ) 16 O reaction rate undergo PISN and are not shown in the figure. 
The shaded contours indicate the 90 per cent credible intervals of the 
primary mass and spin in GW231123 (A. G. Abac et al. 2025 ). 
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and temperatur es, cr ossing into the r egime wher e phot odisint egration re- 
actions lead to gravitational collapse, here assumed to be T c = 9 × 10 9 K . 
Rotating models, by contrast, t erminat e at lower T c , thereby avoiding 
collapse and instead undergoing a PISN. 
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nto the BH or accr ete thr ough a disc, delivering additional mass
nd angular momentum. A ccr etion is regulated by feedback, en-
uring that the final spin does not e x ceed the Kerr limit ( χ ≤ 1 ). 

 R E S U LT S  

.1 Impact of rotation on the black hole mass gap 

e show the results of our simulations in Fig. 1 . The top panel
hows the final BH mass as a function of the initial rotation rate
/ 	crit for a 160 M � helium core, with 

12 C(α, γ ) 16 O reaction
 ates v aried from −2 σ to +3 σ . The −3 σ simulations produced
ISN with no BH remnants for all 	/ 	crit (including zero) and
re thus not shown. At low 	/ 	crit , all models undergo direct col-
apse, yielding M BH 

≈ 159 M �. At some critical rotation threshold
PISN 

, the pair instability disrupts the star completely and no rem-
ant is left. This threshold increases from 	PISN 

∼ 0 . 1 	crit for the
2 σ rat e t o 	PISN 

∼ 0 . 5 	crit for the +3 σ rat e, demonstrating that
tronger carbon burning stabilizes the core against pair instability
o higher rotation. 
NRAS 546, 1–6 (2026) 
The bottom panel of Fig. 1 presents these same models in the
H spin–mass plane. Stars with a helium core mass of 160 M �
annot form BHs with a spin above a certain threshold, which
epends on the 12 C(α, γ ) 16 O reaction rate. In particular, BHs
ith spins and masses compatible with the 90 per cent confidence

nterval of the primary in GW231123 cannot be formed if the
2 C(α, γ ) 16 O reaction rate is smaller than its measured median
alue. 

As anticipated above, our results demonstrate that the photo-
isintegration boundary that marks the upper edge of the BHMG
hifts to higher stellar masses in the presence of rapid rotation.
s shown in Fig. 2 , rotating stars reach lower core temperatures
 c before the onset of explosive oxygen burning leads to rapid ex-
ansion and a temperatur e dr op. Thus, these stars avoid reaching
he conditions r equir ed for phot odisint egration-induced collapse
nd instead undergo PISN. For the median 

12 C(α, γ ) 16 O rat e, w e
nd that this occurs at 	PISN 

∼ 0 . 4 	crit . 

.2 Implications for GW231123 

ur simulations imply that it is plausible t o int erpr et G W231123’s
rimary component ( m 1 � 137 M �) as having formed via pho-
 odisint egration instability collapse, even with a rapidly rotating
ore in the absence of efficient angular momentum transport in
he star. A similar claim was previously made (M. Fishbach & D.
. Holz 2020 ) for the primary BH in GW190521, the former high-
ass r ecor d holder among G W ev ents, although that int erpre-

ation depends strongly on the adopted prior distribution when
nalysing the underlying GW data. 

In our models, the 12 C(α, γ ) 16 O reaction rate needed to form
W231123’s primary is both broad and realistic, ranging from

he median to rates 3 σ stronger. The upper end is compatible
ith previous hints that higher rates are needed to explain GW

bservations e.g. the 35 M � peak in the BH mass function (D.
roon & J. Sakstein 2025 ). 
While our analysis has focused on the primary component

f GW231123, it is worth briefly commenting on the secondary
H. The inferred mass posterior for the secondary is compatible
ith formation below the gap – the lower edge of the 90 per cent
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redibility interval is m 2 ∼ 50 M �. A natural possibility is there-
or e that G W231123 straddles the mass gap. This interpretation
s supported from a GW data analysis perspective: in a massive
vent like GW231123, the total mass m 1 + m 2 is measur ed mor e
ccurately than either individual mass, which are consequently 
nticorrelat ed. If m 1 lies t owards the upper end of its uncertainty
ange (placing it above the gap), then m 2 will lie towards the lower
nd of its range (and thus below the gap), a mechanism previously
uggest ed t o e xplain G W190521 by M. Fishbach & D. E. Holz
 2020 ). As shown in this paper, this picture is further supported
y the fact that rotation shifts the lower edge of the mass gap
o higher masses. The secondary BH does not pose additional 
hallenges t o st ellar-ev olution models, although a dedicat ed ev o-
utionary study of this object would certainly be worth pursuing. 

 OUTLOOK  

W231123 is a puzzling GW detection, with BHs that are among 
oth the most massive and the most spinning detected so far. The
rimary BH, in particular, can reach m 1 ∼ 160 M � and is thus a
romising candidate for a BH ‘beyond the gap’, with a progenitor
ubject to the photodisintegration instability. 

We performed the first investigation of stars above the up- 
er edge of the BHMG that includes both the effect of stel-

ar rotation and variations in the critical 12 C(α, γ ) 16 O nuclear- 
eaction rate. The main conclusion of this paper is that in the
egime of weak angular momentum tr ansport motiv ated by the
pins of GW231123, it is possible that the primary component of 
W231123 formed from direct stellar collapse. 
An important assumption of this analysis is that we do not

nclude the ST dynamo or other mechanisms that enfor ce str ong
ngular momentum coupling. Efficient coupling would drive the 
or e towar ds uniform r otation and pr oduce nearly non-spinning
Hs (e.g. P. Marchant & T. Moriya 2020 ; P. Marchant, P. Podsiad-

owski & I. Mandel 2024 ), which would be inconsistent with the
igh spin inferred for GW231123 under current interpretations. 
ur results should therefore be understood as an exploration of 

he BHMG in the presence of rapidly rotating stellar cores, moti-
ated by proposed scenarios in which massive stars can retain or
 eg ain substantial angular momentum. 

Previous studies have shown that much of the information on 

opulation features often comes from a few highly informative 
vents (S. M. Gaebel et al. 2019 ; E. J. Baxter et al. 2021 ; C. J.
oore & D. Gerosa 2021 ; R. Essick et al. 2022 ; M. Mancarella &
. Gerosa 2025 ). As was the case for GW190521 when analysing
ata from the first three LIGO/Virgo/KAGRA observing runs (R. 
bbott et al. 2023 ), we anticipate that the e x ceptionally large
asses and spins of GW231123 will play a major role in upcom-

ng GW population constraints with O4 data. Accordingly, our 
onclusions that the large masses of GW231123 can be produced 

n combination with large spins through st ellar ev olution in the
eak-coupling regime provide a foundation for population-level 

tudies. We anticipate that it will be important for future GW pop-
lation analyses to allow the stellar component to accommodate 
ystems like GW231123, rather than imposing a hard cutoff at the 
HMG. Fixing such a cutoff a priori could bias inferences towards 
 x otic formation scenarios. 
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P P E N D I X  A:  S E N S I T I V I T Y  TO  COL L AP SE  

E S C R I P T I O N  

n Fig. A1 , we examine the dependence of the final BH mass
nd dimensionless spin parameter χ on the initial rotation rate
/ 	crit for two different choices of the pr ompt-collapse cor e
ass, M cutoff = 3 and 5 M �. The left panel shows that across the

ull range 0 . 10 ≤ 	/ 	crit ≤ 0 . 40 , the resulting BH mass varies by
t most �M � 0 . 4 M �, while the right panel demonstrates that
he spin parameter changes by less than �χ � 0 . 02 . These small
ffsets confirm that our assumption of the mass of the inner core
ollapsing promptly has a negligible impact on the median-rate
utcomes. 

igure A1. Final black-hole mass ( top ) and dimensionless spin param-
ter χ ( bottom ) as functions of the initial rotation rate 	/ 	crit for two
hoices of the prompt-collapse core mass threshold, M cutoff = 3 and
 M �. 
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