
MNRAS 547, 1–13 (2026) ht tps://doi.org/10.1093/mnr as/stag219 
A dvance A ccess publication 2026 February 4 

The impact of superradiance on the spin evolution of variably 

accreting massive black holes 

A dithya N andakumar, 1 Ricar da S. Beckmann 

2 , 3 ‹ and Vid Irši ̌c 

3 , 4 ‹

1 Intitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK 

2 Institute for Astronomy, University of Edinburgh, Royal Observatory, Edinburgh EH9 3HJ, UK 

3 Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK 

4 Center for Astrophysics Research, Department of Physics, Astronomy and Mathematics, University of Hertfordshire, College Lane, Hatfield AL10 9AB, UK 

Accepted 2026 January 20. Received 2025 December 29; in original form 2025 October 24 

A B S T R A C T 

This paper e xplor es how time-varying increases in mass accretion onto rapidly spinning black holes influence their long- 
t erm spin ev olution when affect ed by superradiance – a pr ocess wher e energy is e xtracted fr om the black hole by a 

surrounding axion field. Using simulations the study tracks how sudden accretion boosts affect a critical spin-down phase 
(the superradiance drop) during which the black hole’s spin rapidly decreases while its mass remains nearly constant. The 
black hole spin evolution is controlled by the competition between two processes: how fast angular momentum is added 

thr ough accr etion, and how fast it is r emov ed by the axion cloud. One major conclusion is that boosts t o the accretion 

rat e befor e the superradiance drop have the strongest effect, as they can delay or reshape the drop and significantly shrink 

the region of the mass-spin plane depopulated due to the superradiance. In particular, a super-Eddington accretion rate 
of 5 times Eddington accretion, lasting for 4 Myr and occurring 30 Myr before the superradiance drop can reduce the 
superradiance e x clusion r egion in the mass–spin plane by 40 per cent. In contrast, boosts to the accretion rate after the 
superradianc e dr op only cause temporary changes in the black hole spin. The study also shows that black holes with lighter 
axion clouds are more sensitive to these early boosts and can show observable spin changes lasting tens to hundreds of 
millions of years. Heavier axion clouds, however, r equir e much str ong er or long er-lasting boosts to produce similar effects, 
making them more stable under variable accretion. 

Key wor ds: accr etion, accr etion discs – black hole physics – galaxies: evolution – dark matter. 
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 INTRODUCTION  

or light bosonic fields (axions specifically), hydrogen-like gravi- 
ational orbitals form around the black hole, much like the elec- 
r omagnetic orbitals of electr ons in hydr ogen atoms (A. Arvani-
aki & S. Dubovsky 2011 ; A. Arvanitaki et al. 2017 ; D. Baumann
t al. 2019b ). These orbitals are known as axion clouds. The or-
itals are derived by solving the Klein–Gordon equations for a 
calar field in the Kerr metric. When the black hole is spinning
ast enough (such that its horizon angular velocity is greater than
he angular phase v elocity of a giv en orbital wav e mode), w e ob-
erve a non-classical transfer of angular momentum and energy 
rom the black hole to the orbital (Y. B. Zel’Dovich 1971 ; J. M.
ar deen, W. H. Pr ess & S. A. Teukolsky 1972 ; A. A. Starobinski ̌ı
973 ; S. Detweiler 1980 ). This effect, known as superradiance,
ontinues until the black hole spins down enough so that the
uperradiance condition is no longer met. This leads to certain 

ass/spin values of black holes being disfavoured as the superra- 
iance effect should rapidly ev olv e black holes away from specific
egions in the mass-spin parameter space (called the Regge plane) 
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A. Arvanitaki & S. Dubovsky 2011 ). As the orbital phase velocity
epends on the mass of the boson, we can use data from the
bserved masses and spins of black holes to constrain the mass
f possible bosonic fields (R. Brito, V. Cardoso & P. Pani 2015 ; M.
. Stott & D. J. E. Marsh 2018 ). 

Observ ational signatures of superr adiance have been e xplor ed
sing the measurements of stellar black holes to e x clude the mass
f axions ( μ) in the range of 6 × 10 −13 eV < μ < 10 −12 eV (V.
ardoso et al. 2018 ), and supermassive black holes to e x clude the
ass of the axions in the range of 7 × 10 −20 eV < μ < 10 −16 eV

M. J. Stott & D. J. E. Marsh 2018 ). Further work has been done
n the theoretical front by solving these orbitals at higher orders,
ncluding self-interactions, relativistic effects and coupling up to 
 = 5 (H. Witek et al. 2013 ; M. Baryakhtar et al. 2021 ; T. May, W.
. East & N. Siemonsen 2025 ; P. Sarmah et al. 2025 ; S. J. Witte & A.
ummery 2025 ). Superradiance effects have also been analysed 

n mor e comple x black holes such as charged black holes (Q. Li,
. Wang & J. Jia 2025 ), which showed that electromagnetic scat-

 ering int ensity can be significantly enhanced by superradiance. 
he emission of the gravitational waves from the black hole and
osonic cloud system has also been predicted (A. Arvanitaki & S.
ubovsky 2011 ; A. Arvanitaki et al. 2017 ; H. Davoudiasl & P. B.
enton 2019 ; S. Saha, A. A. Mamon & S. Saha 2022 ). Similarly
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M

Table 1. Model labels for boosts to f edd = 0 . 5 . The columns r epr esent 
�t ev which is the duration of the accretion boosts. The rows correspond to 
t ev , which is the time when the boosts are applied. Each cell corresponds 
to a specific simulation scheme. 

t ev (Gyr) \ �t ev (Myr) 10 15 20 25 30 40 

0.16 LE10 LE15 LE20 LE25 LE30 LE40 
0.26 LM10 LM15 LM20 LM25 LM30 LM40 
0.36 LL10 LL15 LL20 LL25 LL30 LL40 

Table 2. Model labels for boosts to f edd = 5 . The structure of the table is 
the same as Table 1 . 

t ev (Gyr) \ �t ev (Myr) 1 1.5 2 2.5 3 4 

0.16 HE1 HE1.5 HE2 HE2.5 HE3 HE4 
0.26 HM1 HM1.5 HM2 HM2.5 HM3 HM4 
0.36 HL1 HL1.5 HL2 HL2.5 HL3 HL4 
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 o the at omic case, binary black holes experience interaction be-
ween both orbitals that can imprint themselves on emitted grav-
tational waves (L. K. Wong 2019 ; D. Baumann, H. S. Chia & R. A.
orto 2019a ). Binary interactions themselves can also destabilise
he boson cloud and ev en t erminat e superradiance (K. Fan et al.
024 ). 

How ev er, black holes do not exist in isolation in natur e. Ther e-
or e, matter surr ounding the black hole can accrete onto it and af-
ect the superradiance process. Several studies have e xplor ed the
ffect of dark matter accretion (L. Hui et al. 2023 ) and baroynic
ccretion (R. Brito et al. 2015 ; M. J. Stott & D. J. E. Marsh 2018 )
nder the assumption of a constant matter accretion rat e ont o the
lack hole. The main conclusions for baryonic accretion showed
hat accretion can drive a black hole to a stronger superradiance
ffect by increasing the black hole mass, which in turn reduces
he superradiance extraction time-scale. This allows a black hole,
hich previously had a low-enough mass to be far away from the
 x clusion r egion, t o be driv en t ow ards it and hence undergo r apid
uperr adiant extr action. (R. Brito et al. 2015 ) further showed that
he energy density of the built-up scalar cloud is very low even
hough the scalar cloud becomes a sizeable fraction of the black
ole mass. This is because the cloud is spread over a large dis-

ance, with typical densities of the cloud below 10 −8 of the BH
ensity (R. Brito et al. 2015 ) ρBH 

1 . Ther efor e, the backr eaction
s negligible, and the Kerr metric still accurately describes the
lack hole. For this reason, we will ignore backreaction effects
nd perturbations from the Kerr metric throughout this project. 

It is well established that massive black hole growth is not
onstant across cosmic time. Instead, the bulk of black hole mass
s assembled through multiple periods of radiatively efficient
ccretion with overall lifetimes on the order of 10 8 yr or more
A. Soltan 1982 ; Q. Yu & S. Tremaine 2002 ; R. J. McLure & J.
. Dunlop 2004 ; B. Trakhtenbrot et al. 2011 ). Simulations have
hown that even during active phases, accretion rates onto black
oles are highly variable. The clumpy nature of the int erst ellar
edium naturally leads to variability in the feeding rate of black

oles on time-scales below a Myr ( 10 6 yr ) (e.g. Y. Dubois et al.
015 ; J. Prieto et al. 2017 ; R. S. Beckmann, J. Devriendt & A. Slyz
019 ; D. Anglés-Alcázar, F. Özel & R. Davé 2013 ). More sustained
oosts in accretion rate, lasting 10 7 yr or more, can be triggered
NRAS 547, 1–13 (2026) 

 The black hole density is ρBH 

= 

3 c 6 
32 πG 3 M 

2 
BH 

T

ω

y galaxy-wide events such as galaxy mergers (P. F. Hopkins et al.
006 ; T. Di Matteo et al. 2008 ; S. McAlpine et al. 2018 ; S. Lapiner,
. Dekel & Y. Dubois 2021 ). In the early Universe, such accretion
ursts can e x ceed the Eddington limit (J. A. Reg an et al. 2019 ; W.
assonneau et al. 2023 ; A. Lupi et al. 2024 ; F. Huško et al. 2025 ).
In this paper, we investigate how periods of efficient accre-

ion affect the distribution of black hole spins and masses for
upermassive black holes in the presence of a scalar cloud. The
emainder of this paper is organized as follows: Sections 2.1 and
.2 detail how the black hole superradiance model is created and
ny nomenclature we define. Section 2.3 develops a framework
or analysing the time-scales to understand how superradiance
orks. Then low boost and high boost variable accretion models

re added to the black hole simulation in Sections 3.1 and 3.2 ,
espectively. The axion mass is then varied and the effects of 
ariable accr etion ar e investig ated in Section 3.3 . The effects of 
he accretion events are then collated and analysed against the
 x clusion r egion in Section 3.4 . 

 B L AC K  H O L E  SUPERRADIANCE  W I T H  

CC R ET I O N  E V E N T S  

.1 Superradiance model 

n this paper, we use the model from R. Brito et al. ( 2015 ), to
odel the impact of black hole superradiance on black hole spin

n the presence of accretion. Adjusting the model for our unit
onv ention giv es the following equations: 

 I = 

1 
48 

c 4 

GM 

(
J 

GM 

2 −
2 μr + 

� 

)
α9 . (1) 

˙ 
 s = 2 M S ω I , (2) 

˙ 
 = 

˙ M ACC – ˙ M s , (3) 
˙ 
 = 

˙ J ACC − � ˙ M s 

μ
. (4) 

here α = 

GμM 

c � . M S , M, and μ correspond to the axion cloud
ass, black hole mass, and axion mass, respectively. ω I is the

requency term for the lowest energy orbital that exhibits super-
adiance and can be understood as the time-scale of growth for a
articular orbital. ˙ M ACC and 

˙ J ACC are the rate of changes of mass
nd angular momentum, due to the ext ernal bary onic accretion
nto the black hole. � is the Planck constant, G the gravitational
onstant, and c the speed of light. r + 

is the event horizon for a
otating black hole given by r + 

= 

GM 

c 2 + 

√ 

G 2 M 

2 

c 4 − J 2 
G 2 M 

2 c 2 . Equa-
ions ( 3 ) and ( 4 ) are conservation equations for mass and angular

omentum, respectively. 
The lowest energy orbital that exhibits superradiance creates

he strongest superradiance effect and dominates the shape of 
he e x clusion r egion. The superradiant e xtraction time-scale for
he next orbital exceeds the age of the Universe for supermassive
lack holes. For this reason, only the lowest energy orbital is
onsider ed her e. 

The dimensionless black hole spin parameter is defined as
 = 

cJ 
GM 

2 . When ω I → 0 and no more angular momentum is ex-
hanged between axion cloud and black hole, a → a crit where: 

 crit = 

4 α
1 + 4 α2 . (5) 

his allows us to rewrite ω I as 

 I = 

1 c 3 
(a –a crit ) α9 . (6) 
48 GM 
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Figure 1. An illustration of the exclusion region. f ex for LE20 is the ratio 
between the area of the green, left-hashed shaded region and the pink, 
right-hashed shaded region. t 1 is the start of the first superradiance drop, 
t 2 is the end of the first superradiance drop, and t 3 is when the black hole 
is maximally spinning again (the end of the simulation). 
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To model the rate of gas mass accretion 

˙ M ACC onto the black 

ole, we assume a thin accretion disc and parameterise ˙ M ACC = 

f Edd ˙ M Edd where f Edd is the Eddington ratio and 

˙ M Edd is the 
ddington mass accretion limit. To compute the angular mo- 
entum accretion onto the black hole we follow J. M. Bardeen

 1970 ): 

˙ 
 ACC = 

2 GM 

3 c 
√ 

3 

1 + 2 
√ 

3 c 2 r ISCO 
GM 

− 2 √ 

1 − 2 GM 

3 c 2 r ISCO 

˙ M ACC , (7) 

here r ISCO is the ISCO radius of the Kerr black hole. The positive
ign of the angular momentum accretion term also implies we are 
nly investigating the pro - grade accretion events. 

.2 Model parameters and nomenclature 

e visualize the impact of superradiance by plotting the evolu- 
ion of our black holes on the black hole mass-spin plane, which
s known as the Regge plane. The e x clusion r egion is defined to be
he region of the Regge plane predicted to be devoid of black holes
ue to superradiance effects. The e x clusion r egion is an important
iagnostic t ool t o constrain axion masses by comparing predicted 

 x clusion r egions t o observ ed black hole mass and spin values. 
In this paper, w e inv estigat e the impact of discrete mass accre-

ion events on the distribution of black holes in the Regge plane,
ith a particular view to understanding their impact on the shape

f the e x clusion r egion. Each discontinuous boosts in accretion is
pplied at a fixed Eddington ratio f Edd , starting at a time t ev and
asting for a duration of �t ev . Simulations presented in this paper
re labelled as follows: 

(i) B y the str ength of their accr etion boost: L(ow) for a boost to
f Edd = 0 . 5 , H(igh) for a boost to f Edd = 5 . 

(ii) By the starting time of the boost t ev : E(arly) for t ev =
 . 16Gyr , M(id) for t ev = 0 . 26Gyr and L(ate) for t ev = 0 . 36Gyr 

(iii) A number to denote the boost duration �t ev in Myr. 

Simulations with boosted accretion are compared to a fiducial 
imulation that retains f Edd = 0 . 05 throughout. For example, a
oost to f Edd = 5 at t ev = 0 . 26 Gyr for 1 Myr would be denoted as
M1. An overview of all simulations presented in this paper can 

e found in Table 1 and Table 2 . 
In this w ork, w e ignor e r elativistic corr ections when the black

ole spin approaches unity, and therefore limit the maximum 

llow ed spin t o be below a = 0 . 998 (K. S. Thorne 1974 ). In prac-
ice, we set ˙ J ACC = 0 when a = 0 . 998 and only include a non-zero
ccretion term in the angular momentum conservation equa- 
ions when a ≤ 0 . 997 . Mass accr etion 

˙ M ACC r emains constant
hr oughout. To pr edict the impact of each accr etion event on
he Regge plane, we numerically solve the equations laid out in
ection 2.1 for a range of initial conditions that vary: 

(i) The initial seed mass of axion cloud M 0 
(ii) The axion mass μ
(iii) The initial black hole mass M 

(iv) The initial spin of black hole a 

The Regge plane e x clusion r egion is illustrated below. The
 x clusion r egion of a given simulation is denoted using S with
he simulation label as the argument. For example, the exclusion 

 egion ar ea of the HM1 case is denoted by S(HM1). The function
 is defined as follows: 

S = 

∫ log M(τs ) 

log M(τ1 ) 
a (t = τ1 , M)d log M (8) 

( log M(τ2 ) − log M(τs )) −
∫ log M(τ2 ) 

log M(τ1 ) 
a (t = τ2 , M)d log M, 

here τs and τ1 are the times for the start of the first superradi-
nce drop and the end of the dr op, r espectively, as shown in Fig. 1 .
2 is the time when a crit = 1 . As a ev olv es with time and can have
ultiple values for a given black hole mass, piecewise functions 

ependent on the simulation time must be used in the integral. 

.3 A discussion of relevant time-scales 

n this section, we e xplor e the impact of superradiance on the
pin evolution of black holes under two assumptions: no external 
ass accretion, called noacc , and constant mass accretion at an
ddington ratio of f Edd = 0 . 05 called noboost . As can be seen

n Fig. 2 , in both cases an initially maximally spinning black
ole undergoes a ‘ superr adiance drop’ where the spin magnitude
ecreases as angular momentum is extracted from the black hole 
y the axion cloud. The drop happens earlier with accretion ( no-
oost ) than without ( noacc ). To understand why the black hole
pin ev olv es in this manner in both cases, it is instructional t o
onsider the two time-scales that govern this evolution. 

From equation ( 4 ), the time-scale for superradiance to ex-
hange angular momentum between the axion cloud and the 
lack hole is 

τs = 

J 
˙ J s 

= 

Ga 

2 c � 
M 

2 
(

M S 

μ

)−1 

ω 

−1 
I (9) 

here J = 

GM 

2 a 
c . In the absence of accretion, this is the only

elevant time-scale governing the system. We will discuss noacc 
rst to understand how the different components in τs influence 

he evolution. 
For constant black hole mass M, we can write ˙ J 

J ∝ 

M S 
μ

ω I which
eans that the frequency term ω I can also loosely be understood

s the rate of angular momentum extraction per axion particle 
ince M S 

μ
r epr esents the number of axion particles in the axion

loud. This means the rate of superradiance is higher when there
r e mor e axions in the cloud, or when ω I is larger. 
MNRAS 547, 1–13 (2026) 
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M

Figure 2. Time evolution of, from top to bottom, the characteristic time- 
scales τs and τacc , the frequency of the lowest energy orbital ω I , the axion 
cloud mass M S and the black hole spin a for the case without accretion 
(NO A CC) and a case of constant accretion of f Edd − 0 . 05 (NOBOOST). 
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Taking the log of τs , 

log τs = log 
(

J 
˙ J 

)
= log 

(
M 

2 

M S 

)
− log ( ω I ) + log 

(
Gaμ

2 c � 

)
. (10) 

The first term is a ratio between the mass of the black hole and
he scalar cloud whilst the second term is the frequency. 

As can be seen in Fig. 2 , for our test black hole without accre-
ion ( noboost , blue line) τs is originally very high. Initially, ω I is
ositive and roughly constant as a changes slowly. As a result,
he axion cloud grows in mass (see equation 2 and third panel
n Fig. 2 ) and τs decreases. Once τs becomes sufficiently small
o be compar able to 1 

ω I 
, superr adiance efficiently extr acts angular

omentum from the black hole and a rapidly decreases: We refer
o this as the ‘ superr adiance drop’ throughout the paper. 

At this point, there is a turning point in τs , with the behaviour
ow determined by ω I : As ω I → 0 , the axion cloud mass stabilizes
nd τs continuously increases. As a result the transfer of angular
omentum between the black hole and the axion cloud ceases

nd the black hole spin stabilized, as a → a crit . Since log ω I does
ot asympt ot e t o −∞ , the black hole spin never e xactly r eaches

he critical spin. It should be not ed that M 

2 

M S 
at lat e time adjusts

uch that it is relatively constant so any shape behaviour in τs is
riven by ω I . 
The situation can be better understood by considering a dis-

r ete pictur e of fix ed time-steps. A small ω I with a black hole spin
ust above the critical spin means the spin decays slightly closer
NRAS 547, 1–13 (2026) 
o the critical spin in a small time step as superradiant extraction
till occurs. This then reduces ω I further through equation ( 6 ) so
hat for the next time step, the amount of decay is slightly lower
s τs increases due to a lower ω I . This process continues and the
ifference in a − –a crit becomes orders of magnitude smaller. 
The time at which the drop occurs depends on black hole mass.

f either the scalar cloud mass M S or frequency of the black hole
 I are higher initially then τs is lower initially and superradiance
ffects can be observed faster. Since ω I ∝ M 

8 and τs ∝ 

M 

2 

ω I 
= M 

−6 

r om equation ( 9 ), incr easing black hole mass gr eatly r educes τs 
nd ther efor e the characteristic time-scale on which the prob-
em ev olv es. B y contrast, a changes on the or der of unity so the
nitial spin (and the evolution of the spin throughout) has little
nfluence on the evolution of the system. M and M S remain the
ominant variables. 
In the presence of accretion, the time-scale of accretion also

ecomes relevant to the evolution of the system: 

τacc = 

J 
˙ J acc 

(11) 

s the time-scale for the black hole to obtain angular momentum
hr ough e xternal mass accr etion, wher e ˙ J acc follows equation ( 7 ).

Now consider external baryonic Eddington accretion onto the
lack hole in this time-scale framework. As can be seen in Fig.
 , in the pr esence of accr etion ( noboost ) the super-radiance drop
ccurs earlier and the black hole spin a is not appr o ximately
onstant after the dr op. N otably, the superradiance dr op occurs
n the brief window while τs < τacc . From equation ( 4 ), once
˙ 
 ACC < 

� ˙ M S 
μ

the black hole starts losing angular momentum and a
ecreases, at first slowly and then increasingly rapidly as τs → 

1 
ω I 

hen again a superradiance drop occurs. The sped-up evolution
s mostly driven by an increased rate of growth for M S which
auses τs t o decrease fast er. There is also a smaller increase in ω I 
decrease in − log ω I before the superradiance drop, not present
n noacc which also speeds up the evolution of the system. 

Unlike in noacc , the spin a in noboost is not constant after the
rop but increases again with time. How ev er, phenomenologi-
ally, the tw o syst ems behav e similarly, as this increasing spin
t late times is driven by the fact that a crit (M) and the critical
pin continues to increase as the black hole grows. During the
uperr adiance drop, ω I r apidly decreases ( − log ω I increases) but
hen, unlike in noac c , lev els off longterm. This reflects the fact
hat a state of equilibrium is established between the growth of 
he axion cloud and that of the black hole. During each accretion
vent, the black hole finds itself at a > a crit (M) i.e. the accreted
ngular momentum spins up the black hole above the critical spin
or its current mass. The change in a crit also explains why the drop
n a is smaller for noboost than for noacc : by the time the superra-
iance drop occurs, the black hole mass M has grown in noboost ,
nd as a result a crit is higher. As τs � τacc , superradiance extracts
hat extra angular momentum, driving the longterm (albeit slow)
volution in M S that can be seen in Fig. 2 , and keeping a ∼ a crit 
ver long periods of time. 

Differentiating equation ( 5 ) gives the rate of increase in critical
pin for a given accretion rate as 

d a crit 

d t 
= 

4(1 − 4 α2 ) 
(1 + 4 α2 ) 2 

Gμ

c � 
d M 

d t 
. (12) 

d M/ d t ≈ ˙ M ACC during the late time evolution since the mass
xtr action r at e due t o the effect superradiance is at a maximum

1 
100 of the mass accretion rate. 
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As the black hole mass continues to increases, τs and τacc 
ontinue to balance each other closely as the black hole slowly
pins up, follow the critical spin trajectory. The plateauing of 
s after the superradiance drop means the frequency term ω I , 
hich defines the ev olution of the τs at lat e times, is relatively

onstant (we call this the equilibrium frequency). If the black 

ole spin were to deviate more significantly from a crit then ω I 
 erm w ould corr espondingly incr ease. The equilibrium value of 
 I found here is likely set by a combination of our choice of 

f Edd and the timestep we chose for integration, as this determines
he total angular momentum injected into the black hole at each 

ccretion event. 
If the spin of the black hole w ere t o ev olv e such that a crit > a at

ny time, then ω I would become negative. Physically, in this case 
he axion cloud (and its momentum) would accrete back onto the
lack hole, spinning it back up until a ∼ a crit . Again, the effect
ecomes less efficient as a → a crit so the black hole spin only ever
sympt ot es t owards 

A not e t o mention is the use of an initial seed mass for the axion
loud. For our simulations we have used a seed mass of 0 . 01M 	
hroughout. A seed mass of 0 . 01 μ could also be used to mimic a
uantum fluctuation in the axion cloud. Since the superradiance 
rop occurs when M S is large enough, the seed mass has a direct

mpact on the e x clusion r egion. Generally a lower axion mass
eans τs begins at a higher value meaning it takes longer to

ecay to ∼ 1 
ω I 

which in turn allows more mass to be accreted 

nto the black hole reducing the exclusion region. For reference 
not shown) in the constant accretion model of f Edd = 0 . 05 , a
eed mass of 0 . 01 μ causes the superradiance drop to occur at

10 9 . 2 M 	 compared to 10 9 . 1 M 	 for a seed mass of 0 . 01M 	. 

 R E S U LT S  

n this section, we test the impact of the timing of a single accre-
ion boost ( t ev ) and the length of the accretion boost ( �t ev ) on the
volution of the black hole in the Regge plane. Unless otherwise
pecified, the axion mass is 10 −20 eV . Black holes initially grow at

f Edd = 0 . 05 . A ccr etion is boosted at time t ev for a duration of �t ev 
nd then returns to f Edd = 0 . 05 . 

Boosted simulations are compared to the simulation noboost 
rom Section 2.3 that retains f Edd = 0 . 05 throughout. 

.1 Low boost 

irst, we analyse the impact of a low ( L ) boost to f Edd = 0 . 5 ,
 factor of 10 in comparison to the baseline accretion. In this
ection we analyse three timings for the accretion boost: an early 
iming boost at t ev = 0 . 16 Gyr , labeled LE , an int ermediat e boost
t t ev = 0 . 26 Gyr labeled LM , and a late boost that occurs at t ev =
 . 36 Gyr labelled LL following the naming convention established 

n Section 2.2 . Without the accretion boost, the super-radiance 
rop occurs at t ≈ 0 . 29 Gyr. 
As can be seen in Fig. 3 , even short accretion boosts that start

nd end before the superradiance drop reduce the exclusion re- 
ion. The timing of the onset and the duration of the accretion
oost significantly affect the shape of the e x clusion r egion in the
egge plane. In comparison to the noboost case, all accretion 

oosts studied her e r educe the size of the e x clusion r egions but
he timing of the onset of the boost ( t ev ) critically matters. The
argest reduction is seen for the lM simulations (middle panels), 
hose boost begins just before the superradiance drop in the 
oboost case. Any impact of boosts is temporary, as all simulations
v olv e along the critical spin at late times. Generally across all
 ev , longer accretion boosts (larger �t ev ) close off more of the
 x clusion r egion. For boosts applied befor e the superradiance
rop (simulation sets E & M ), a larger �t ev means more mass is
ccret ed int o the black hole befor e the dr op. 

The right-hand panels of Fig. 3 show the time evolution of 
s and τacc for a selected subset of simulations. The time of the
oost can be identified by the temporary discontinous drop in 

acc . The late continuous decrease in τacc is due to the spindown
f the black hole following the superradiance drop. As discussed 

n Section 2.3 , the superradiance drop occurs when τacc ∼ τs . 
As can be seen in the right-hand panel of Fig. 3 , during the

oost the decay rate of τs increases because ω I , which is strongly
ependent on the black hole mass, grows faster than without the
oost. This means ω I is higher during the boost at a given time
han without the boost. A higher ω I causes M S to grow faster,
hich in turn leads to a steeper reduction in τs even after the
oost has finished. As mentioned in Section 2.3 , ω I is relatively
onstant during this early period compared to M S , which means
he moment the superradiance drop occurs is when M S reaches 
 critical mass, driven by the external accretion. This means that
he superradiance drop (where τs ∼ τacc ) occurs earlier in time 
or longer accretion bursts, but at a higher black hole mass (see
eft-hand panel of Fig. 3 ). The higher mass of the black hole at the
uperradiance drop means the black hole meets the critical spin 

volution track at a higher value of spin. Longer boosts close off
or e of the accr etion r egion as they maintain the black hole at a
aximum spin state for longer. 
Comparing the first and second row of Fig. 3 , it can be seen

hat equivalent boosts applied at t ev = 0 . 26 Gyr ( M ) compared to
 ev = 0 . 16 Gyr ( E ) closes more of the exclusion region. Hence,
oosts applied closer to the original superradiance drop have a 

arger impact on the e x clusion r egion than those further away.
he boosts bring the black hole mass to the point where the super-

adiance drop occurs (in the mass domain). There is a time delay
etween the onset of the superradiance drop and the end of the
oost but not much mass is added in this phase for a noticeable
ifference in the Regge plane. Therefore, the larger the mass of 
lack hole at t ev the larger the black hole mass will be at the end
f the boost for a given �t ev . This means a larger t ev will lead to
 larger shift in the Regge plane. t ev + �t ev should be less than
he time of the second superradiance drop for the above logic to
old. In cases where it is shorter, the boost saturates on the drop
as seen in LM20 , LM25 , LM30 , and LM40 ). 

For some of the t ev = 0 . 26 Gyr boosts ( M , middle panels of 
ig. 3 ), the boost is still active when the superradiance drop oc-
urs (namely LM20 , LM25, and LM30 ). These simulations con-
 erge ont o where the drop would have been for a simulation with
onstant f Edd = 0 . 5 . As soon as the boost ends (see e.g. LM20
ust after the onset of the drop) they evolve away again as the
ccr etion time-scale incr eases ag ain until a new equilibrium is
 estor ed when the black hole mass and spin has ev olv ed back onto
he critical spin trajectory. This shows that for a black hole with
ariable accretion, it is the peak accretion rates that determine 
he size and shape of the remaining exclusion region. Unlike for
he early boosts in the top panel, boosts that occur during the
uperradiance dr op ar e self-limiting in the sense that there is a
aximum reduction in the exclusion region for any boost length 

tudied here. 
Now consider late time accretion events applied after the initial 

uperradiance drop at t ev = 0 . 36 Gyr ( L , bottom r ow of Fig . 3 ).
n this r egime, τacc and τs ar e at an equilibrium point prior to
MNRAS 547, 1–13 (2026) 
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M

Figure 3. Left: The Regge plane shows that as �t ev increases, more of the exclusion region closes off. For boosts applied before the initial superradiance 
dr op, the dr op itself is pushed t o higher mass lev els the longer the boost. This will t end t o the constant accretion traject ory for f Edd = 0 . 5 . For boosts 
applied after the initial superradiance drop ( t ev = 0 . 36 Gyr ) the boost deviates the black hole away from the critical spin trajectory. A second drop in spin 
occurs when the boost is released, so the longer the duration, the longer the black hole remains deviated. Right: A longer duration boost applied before 
the superradiance drop means more mass is accreted into the black hole causing quicker decay in time-scale as ω I is larger at a given time. Once the 
drop occurs, τs establishes an equilibrium with the external mass accretion. For boosts applied after the superradiance drop, τs is not faster than τacc 
until the boost is removed. With a larger �t ev in this regime, the black hole continuously t ends t o the critical spin trajectory without ever losing angular 
momentum, establishing a new equilibrium with the f Edd = 0 . 5 accretion rate. 
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he boost, as explained in Section 2.3 . Boosting the accretion in
his regime disrupts the established equilibrium as the accretion
ime-scale τacc drops during the accretion boost (see bottom right
anel of Fig. 3 ). This ev olv es the black holes away from the critical
pin temporarily. During this time, τs decreases until it estab-
ishes a new equilibrium state with the new accr etion rate. Ther e-
or e a gr eater differ ence in τacc and τs (by a gr eater accr etion
oost) would r equir e τs to decay further. This gives more time for
NRAS 547, 1–13 (2026) 
ccretion to spin up the black hole, deviating it further away from
he critical spin trajectory. 

When the spin deviates away from the critical spin, ω I is the
nly term directly affected since ω I ∝ (a –a crit ) . Ther efor e the r e-
ponse to bring the system back to equilibrium is driven by ω I . A
arger ω I would lead to a stronger response from the black hole
 o bring τs t o the new equilibrium stat e. From considering the
quation ( 6 ) form of ω I , a fix ed differ ence a –a crit with a higher
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ass black hole would result in a higher ω I causing a stronger
r estoring r esponse’. Ther efor e higher-mass black holes do not
eviate as much from a crit for a fixed boost within this regime. 
In the above results, only the LL40 boost lasts long enough for

he new equilibrium to be established. When the shorter boosts 
r e r eleased, a second small super-radiance dr op occurs as τs 
ominat es ov er τacc , which re-establishes equilibrium with the 

nitial accretion rate. 
Overall, for the set of simulations studied in this section, we see

he largest reduction in the accretion region for the longest boosts
hat occur before the superradiance drop actually occurs. Once 
he drop begins, the shape of the exclusion region is bounded by
hat of constant accretion at the boosted accretion rate. Boosts 
fter the superradiance drop can temporarily reduce the she ex- 
lusion region by increasing the black hole spin. How ev er, for all
oosts t est ed her e the black hole spin r emains moderate if the
oost occurs after the accretion boost. 

.2 Stronger boosts 

e now test the impact of boosts of a factor 100 over the baseline
ccretion rat e, t o f Edd = 5 (simulation suite H ). This r epr esents
 boost that is 10 times stronger than those discussed in Section
.1 (simulation suite L ). We have reduced the boost lengths by a
actor 10 in comparison to those probed in Section 3.1 to ensure
hat the total mass accreted during boosts remains the same. 
his choice also reflects the fact that simulations have found that
igher Eddington accretion rates can generally be sustained for 
horter periods of time (see Section 1 for a discussion) 

In comparison to those shown in Fig. 3 , the Regge trajectories
or stronger boosts applied at the same t ev in Fig. 4 before the
nitial superradiance drop ( HE and HM versus LE and LM ) share
 similar shape. This reflects the fact that both sets of black holes
re at a similar mass at the onset of the superradiance drop. 

To understand the differences, we must consider the value of 
 S at the end of the boost, since M S drives the evolution to su-

erradiance. Applying chain rule on equation ( 2 ) and assuming
d M 

d t ≈ ˙ M acc we get: 

d M S 

d M 

= 

2 M S ω I 
˙ M acc 

= 

2 M S ω I 

f Edd M 

(13) 

Integrating from a black hole mass of M 0 to M 1 gives: 

 S (M 1 ) = M S ( M 0 ) exp 

( 

2 
f Edd 

∫ M S (M 1 ) 

M 0 

ω I ( M, a ) 
M 

d M 

) 

(14) 

ll terms in the integral only depend on M since a can be consid-
red to be constant before the superradiance drop. The integral 
ill ther efor e be the same at the end of the applied boost for
oth strong and weak boosts (since the total mass accreted is the
ame). Ther efor e the 1 

f Edd 
factor reduces the axion cloud mass at

he end of the boost. So, for the lower boost (boost to f Edd = 0 . 5 ,
ig. 3 ) the axion cloud is much larger at the end of the boost than

or the stronger boost (boost to f Edd = 5 , Fig. 4 ) since it has had
ore time to grow. Due to the smaller axion cloud at the end

f the boost it takes longer from the end of the boost to when
uperradiance dominates. This additional time between the end 

f the boost and the superradiance drop means more mass is
ccreted at the baseline accretion rate before the superradiance 
rop for the strong boosts than the weak boosts so the drop in spin
ccurs at a somewhat higher black hole masses. This difference 
n mass is comparatively small, as the black hole is heavier than
efore the boost so axion cloud mass increases quickly (due to
igher ω I ), driving τs down, while the accretion rate is again low
the baseline accretion rate f Edd = 0 . 05 ). These effects mean there
s not enough time for the mass of the black hole to significantly
ncr ease compar ed to the equivalent f Edd = 0 . 5 boost case, caus-
ng both trajectories to be similar in the Regge plane. 

In the middle panels of Fig. 4 , the short boost durations for all
imulations t est ed here mean that all boosts finish before the on-
et of the superradiance drop. For this reason the HM simulations
how no evidence of the convergent behaviour seen for e.g. LM25 .

For boosts applied after the initial superradiance drop at t ev =
 . 36 Gyr ( HL ), we can see higher f Edd boosts lead to larger devia-
ions from a crit than for the LL simulations (compare bottom left
anels of Figs 4 and 3 ). As explained in Section 2.3 , the deviation
ccurs because the equilibrium is disrupted and τs must decay 
urther to re-establish the equilibrium (see also left hand panel of 
ig. 4 ). A higher f Edd boost means the initial difference between
acc and τs is larger. Ther efor e, a higher f Edd boost at a specific
 ev after the initial superradiance drop will cause the spin of the
lack hole to deviate further. With a larger deviation, ω I increases,
ecr easing τs dir ectly thr ough equation ( 9 ). How ev er, this effect

s insignificant since the difference between the a –a crit term in
he two cases is smaller than an order of magnitude for a given

ass. As in the case in Section 3.1 , M S growth (through ω I ) drives
he reduction of τs . The spin deviates further from a crit until
ither M S grows large enough to reduce t s and establish a new
quilibrium, or the boost is removed in which τacc will jump to
 higher value causing a second superradiance drop. While the 
oost is still active, the Regge trajectory can be seen to fall back to
 crit much more gradually (the process of equilibrating with the 
oost ed accretion rat e) than the initial superradiance drop. This

s because ω I is much lower since a –a crit is lower compared to
efore the initial superradiance drop. This prevents an overshoot 

n M S growth as seen in the initial superradiance effect since ω I 
 ends t o mor e modest values as equilibrium is r e-established. 

Ov erall w e conclude that for boosts before the superradiance
rop it is predominantly the total mass accreted that determines 
he evolution of the black hole in the Regge plane and as a result
he effective e x clusion r egion. The evolution of black hole con-
tantly accreting at the peak accretion provides a limiting case 
hat determines the absolute limits of the accretion region. All 
lack holes temporary boosted to that accretion rate predict an 

ccretion rate larger than for peak constant accretion. 
For accretion boosts after the superradiance drop, even strong 

ustained accretion boosts only produce a comparatively moder- 
te deviation from the critical spin. The magnitude of the maxi-
um deviation is set by the peak accretion rate, with larger Ed-

ington ratios producing larger deviations. Longer boosts do not 
ncrease the maximum spin of the deviation but they do decrease
he size of the e x clusion r egion further as they maintain black
oles at increased spin for longer. Once the boost stops, black
oles drop back onto the critical spin at almost constant black
ole mass in a second, smaller superradiance drop. 

.3 Varying axion mass 

o far we have only analysed simulations with an axion mass of 
he 10 −20 eV . In this section, we will use a variant of the simu-
ation LE30 with an axion mass of 10 −18 eV , which we will call
ighaxion . The Regge traject ories w ere found to coincide when
he parameters of highaxion are set so that all ratios f Edd are
ncreased by a factor of 100 and any time value and duration
MNRAS 547, 1–13 (2026) 
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M

Figure 4. Left: The Regge trajectory can be seen to be similar to the f Edd = 0 . 5 model. Right: The time-scale decay can be seen to occur much faster than 
in the f Edd = 0 . 5 boost case since the rate at which the black hole grows is faster, decreasing t s quicker. 
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r e r educed by a fact or of 100 (which is equivalent t o the mass
atio between axion masses of 10 −18 and 10 −20 eV ) compared to
he fiducial simulation LE30 . This means that highaxion has a
ack gr ound accr etion rate of f Edd = 5 , which is boosted to f Edd =
0 at t ev = 0 . 16 Myr for �t ev = 30 Kyr . Increasing the accretion
fficiency but decreasing the duration means that the total mass
ccret ed ont o both black holes remains the same. Fig. 5 shows
ow adjusting the accretion ratios and durations in this way com-
ensates for the change in axion mass. This shows a universality

n the superradiance effect where a change in accretion efficiency
an compensate for a change in axion cloud mass as long as the
 otal accret ed mass remains the same. 

To understand why a higher axion mass needs more efficient
ccretion to produce the same reduction of the exclusion region,
NRAS 547, 1–13 (2026) 
 e inv estigat e how the time-scale for the onset of accretion is
ffected by the change in axion mass μ. The derivation using a
onstant accretion model and natural units ( c = 1 , G = 1 , � = 1 )
s outlined in detail in Appendix A . Denoting t s as the time to su-
erradiance, the final result shows that for different axion masses
f μ1 and μ2 we expect 

 s , 1 = 

A 2 

A 1 

[
t s , 2 − 24 

A 2 
log 

(
α6 

1 M 1 ,S μ
2 
1 f 2 , Edd (a 1 –a 1 , crit ) 

α6 
2 M 2 ,S μ

2 
2 f 1 , Edd (a 2 –a 2 , crit ) 

)]
(15) 

her e A i = (a i –a i, crit ) α8 
i μi , a i and a i, crit ar e dimensionless spin

nd critical spin parameters, M i,S are the initial cloud masses, and
f i, Edd are the Eddington ratios of the accretion associated with two
xion masses of μi , where i = 1 , 2 . All terms in equation ( 15 ) are
valuated at t = 0 . Note that in deriving equation ( 15 ) we assume
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Figure 5. Regge trajectory for simulations with axion mass of 10 −18 eV (cyan solid, highaxion ) and 10 −20 eV (purple dashed simulation, LE30 ), 
respectiv ely. The paramet ers of highaxion are set so that all f Edd ratios ar e incr eased by a factor of 100 and any time v alue and dur ation is reduced 
by a factor of 100 (which is equivalent to the ratio 10 −18 eV and 10 −20 eV ) compared to the fiducial simulation LE30 . This means that highaxion has 
a back gr ound accr etion rat e of f Edd = 5 , which is boost ed t o f Edd = 50 at t ev = 0 . 16 Myr for �t ev = 30 Kyr . The overlap of the trajectories shows the 
universality of superradiance, and how changing the accretion parameters is degenerate with changing the axion mass. 
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he black hole to be maximally spinning due to τacc << τs ini-
ially. This means the black hole will always spin up maximally 
ong before the superradiance drop. Hence, a 1 ≈ a 2 is usually the
ase, but w e’v e kept the t erms in the equation for complet eness.
his indicates that altering the axion mass affects the onset of 
uperradiance in two ways simultaneously. First, there is a sim- 
le scaling (the ratio of A 2 /A 1 on equation 15 ) in which higher
ass axions experience the superradiance drop early by a factor 

f μ2 /μ1 , given a constant initial α in both cases. Secondly, the
nal term imposes a further time delay in the onset of the super-
adiance drop. When f 2 , Edd = 

μ2 
μ1 

f 1 , Edd and initial α1 = α2 as in
ur simulation scheme, the final term is generally much smaller 
han t s , 2 . If black holes both start at the same spin with matching
nitial α and axion cloud seed mass, then we appr o ximately get
 s , 1 ≈ μ2 

μ1 
t s , 2 . This scales all characteristic time-scales by the axion 

ass ratios. Since mass accretion is largely unaffected by superra- 
iance effects before the superradiance dr op, αs = α0 e xp ( f Edd t s )
t the point of the superradiant drop which means the αs at which
he superradiance drop occurs is the same for both axion masses
iven the above conditions. An accretion boost can be considered 

s another regime of constant accretion, meaning the same time 
calings hold as seen in Fig. 5 . Further details of this ar e e xplained
n App. A . 

One point that should be noted is the wider difference in the
nitial noboost superradiant drop of the hL3 regge trajectory com- 
ared to the lE30 case. This is due to the negative time delay term

n equation ( 15 ) as already mentioned above. The delay leads to
 slightly earlier t s , 1 (assuming μ1 > μ2 ), which leads to a lower
at which the superradiance drop occurs relative to the μ2 case. 

he difference is more pronounced in the noboost case since α is
ower at the superradiance drop, leading to a larger time delay in
quation ( 15 ). 

It can be seen in the second panel of Fig. 5 that after the initial
uperradiance drop, in the late spin evolution regime, the spins 
f the BH’s align to the critical spin trajectory. This the case
here an accretion boost is applied after the initial superradiance 
r op. Ther efor e, to pr ove the alignment of the trajectories in the
egge space, we must show that d a 

d ln α is independent of μ. The
athematical derivation of this is laid out in App. B . The final

esult shows: 

d a 

d ln α
= 

d t 
d M 

(
2 

3 α
√ 

3 
B 

˙ M ACC − μ

24 
M S (a –a crit ) α7 

)
− 2 a (16) 
ith the scaling f 2 , Edd = 

μ2 
μ1 

f 1 , Edd used previously, ˙ M ACC is con- 
tant across μ at all α (including the accretion events as the time
omponent can be written as α which is shared across μ in our
imulation schemes). 

As shown in Appendix B , after the initial superradiance boost
 S ∝ μ−1 . This means the second term of equation ( 16 ) is inde-

endent of μ. ˙ M S = 2 M s ω I = 

1 
24 M S (a –a crit ) α8 μ is also indepen-

ent of μ when the M S ∝ μ−1 scaling is applied. As each term of 
˙ 
 = 

˙ M ACC – ˙ M S is independent of μ, ˙ M will also be independent 
f μ. This finally leads to every term in equation ( 16 ) being in-
ependent of μ in our simulation scheme. This causes the Regge 
raject ories t o align, as the initial α and a ar e shar ed befor e the late
oost is applied, since the first superradiance drop has already 
ccurred. 

Note that the derivation in App. B cannot be used for boosts
efore the superradiance drop, as the M S ∝ μ−1 relation does not
old until after the first superradiance boost. 

.4 Ex clusion Ar ea 

o consolidate our results we consider how the area of the ex-
lusion region changes as a function of the boost parameters. 
ections 3.1 and 3.2 have shown that boosted accretion always 
educes the size of the exclusion region. We quantify the impact
f accretion boosts by computing f ex , the fraction of the area of 
he e x clusion r egion in the Regge plane with the boost divided by
he area of the exclusion region without the boost. 

f ex ( x) = 

S( x) 
S( noboost ) 

(17) 

he definition of S is given in equation ( 8 ) where x denotes a
pecific simulation scheme. The smaller f ex the larger the impact 
f the accretion boost. f ex = 0 would be equivalent to a black
ole that is always maximally spinning while f ex = 1 would be
 simulation where the accretion boost has no impact on the
 x clusion r egion. In Fig . 6 w e plot f ex as a function of the t otal
ass gained during the accretion boost, M boost for all simulations

n Figs 3 and 4 . 
Firstly, we report a general trend that higher M boost leads to

ower f ex . This was already noticeable in previous sections where
 larg er chang e in black hole mass lead to the e x clusion r egion
losing further. Boosts applied before the superradiance drop 

 t ev = 0 . 16 Gyr , t ev = 0 . 26 Gyr ) can r educe f ex much mor e (the top
MNRAS 547, 1–13 (2026) 
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M

Figure 6. M boost is the total mass accreted during the boost event. As ex- 
pected, a larger M boost leads to a lower f ex . For different f Edd it can be seen 
that for t ev = 0 . 16 Gyr this has little impact (outlined in Section 3.2 ). In 
comparison, boosts applied at t ev = 0 . 36 Gyr follow different trajectories 
for different f Edd since a higher f Edd has larger impact on e x clusion r egion 
(outlined in Section 3.2 ). During t ev = 0 . 26 Gyr , the transition phase oc- 
curs where the two f Edd begin to deviate away as the superradiance drop 
occurs, switching into the late time regime. 
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wo panels of Fig. 6 show values of f ex, min ∼ 0 . 6 ) than boosts after
he superradiance drop ( t ev = 0 . 36 Gyr , bottom panel of Fig. 6 has
 minimum f ex ∼ 0 . 88 ). 

For different f Edd , it can be seen that the behaviours before
he superradiance drop are similar. In the t ev = 0 . 16 Gyr case,
oth trajectories line up closely (explained in Section 3.2 ). Boosts
pplied after the superradiance drop ( t ev = 0 . 36 Gyr ) show a devi-
tion between the two f Edd trajectories. As outlined in Section 3.2 ,
NRAS 547, 1–13 (2026) 
his is because the early time behaviour of the Regge trajectory is
ependent on M boost whilst late time behaviour is dependent on

f Edd . Hence, the higher f Edd gives a low f ex for t ev = 0 . 36 Gyr since
he equilibrium is disrupted more. t ev = 0 . 26 Gyr is the transition
eriod in which the behaviour is initially similar to the t ev =
 . 16 Gyr case, where both f Edd are closely aligned. The f Edd = 0 . 5
cheme at t ev = 0 . 26 Gyr with boosts of �t ev ≥ 20 Myr , overlaps
ith the superradiance drop during the boost itself as can be seen

rom the middle right panel of Fig. 3 . Therefore, once the drop
ccurs, longer boosts (higher M boost ) have a marginal impact on
he e x clusion r egion because they do not alter the position of 
he superradiance drop. The f Edd = 5 boosts in comparison are
ompleted before the drop, as they have a shorter duration, so
hey close off more of the exclusion region for the same M boost . 

The bottom panel of Fig. 6 confirms that boosts after the super-
adiance drop have less of an impact on the exclusion region com-
ared to before. In this regime, the strength of the boost rather
han M boost matters much more especially for weak boosts where
he trend is almost flat with M boost . A stronger boost means that
he black hole will take longer for t s to decay and re-equilibrate
he system. This allows more angular momentum to be accreted
nto the black hole causing a stronger deviation in its Regge tra-
ectory. 

 DISCUSSION  &  CONCLUSIONS  

n this paper, we presented a study to understand how temporary
oosts in mass accretion onto initially highly spinning black holes
hanges their longterm spin evolution under the influence of 
uperradiance. We particularly studied how parameters of the
ccretion boost influenced the evolution of the black hole in the
egge plane (the mass-spin or M –a plane). To inv estigat e the
ffects of variable accr etion, accr etion boosts were applied before
nd after the superradiance drop. 

We report that an initially highly spinning black hole will un-
ergo a superradiance ‘drop’ where the spin of the black hole
tr ongly decr eases at appr o ximately constant black hole mass,
onsistent with previous studies (R. Brito et al. 2015 ; V. Cardoso
t al. 2018 ). After the drop, the black hole ev olv es along the criti-
al spin trajectory in the Regge plane. These two trajectories in the
egge plane define the exclusion region – part of the Regge plane

hat is depopulated of highly spinning black holes due to the
uperradiance effect. A ccr etion boosts can change the black hole
ass at which the drop occurs, or boost the black hole spin above

he critical spin value during the duration of the accretion boost,
hus altering the e x clusion r egion. Specifically, we conclude the
ollowing: 

(i) The evolution of the black hole spin is determined by the
elativ e ev olution of tw o charact eristic time -scales: the time -
cales for angular momentum to be accreted onto the black hole
r om e xternal accr etion τacc and the time-scale for the axion cloud
o extract the rotational energy from the black hole τs . Both time-
cales continue to evolve until they establish an equilibrium. 

(ii) The initial evolution of the superradiance time-scale τs is
riven by the growing mass of the axion cloud. Once τs has fallen
ufficiently low to be comparable to the accretion time-scale, the
uperradiance drop occurs. 

(iii) A smaller initial axion cloud mass causes the superradi-
nce drop to occur later as it takes longer for τs to decay to the
ritical level. 
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(iv) For boosts that begin before the superradiance drop, the 
ater the boost is applied (larger t ev in our nomenclature) the more
he e x clusion r egion is closed off. This occurs upto the point of 
aturation where the drop occurs during the boost itself. Once 
he drop begins, the shape of the exclusion region is bounded by
hat of constant accretion at the boosted accretion rate. 

(v) The longer the boost is applied for (larger �t ev in our
omenclature) the more the exclusion region is closed off. 
(vi) Boosts after the superradiance drop temporarily deviate 

he black hole from the critical spin, closing some part of the
ccr etion r egion. The higher the f Edd of the boost, the gr eater the
ncrease in spin. 

(vii) Higher axion masses need stronger boosts to have the 
ame impact on the black hole spin evolution 

2 . Although exact 
elation between the axion masses and the strength of the boost
s likely impacted by the relativistic corrections. 

A theoretical framework of analysing time-scales was devel- 
ped in Section 2.3 . Using this approach, it was found that the
lack hole is driv en t o superradiance through the increase in the
xion cloud mass. The evolution after the superradiance drop in 

pin is due to the decaying ω I frequency. This in turn keeps the
lack hole decaying towards the critical spin trajectory [where 
 I (a crit ) = 0 which stops the transfer of momentum between the
lack hole and the axion cloud]. A simple Eddington thin disc
ccretion model was then added to understand the impacts of ac- 
r etion. A ccr etion can be seen to drive a black hole to experience
he superradiance drop quicker than without accretion. This is 
ecause the black hole becomes more massive which increases ω I 
nd hence increases the rate of cloud gr owth. Furthermor e, an
quilibrium state in the time-scales of superradiance and accre- 
ion emerged after the superradiance drop. 

Ov erall, our w ork show ed that it is the peak accretion rat es
nto a variably accreting black hole that have the largest impact 
n the shape of the e x clusion r egion, but that the impact on the
ccr etion r egion is largest if the boost occurs before the super-
adiance drop. It was found that variable accretion events before 
he superradiance drop could have a significant effect in altering 
he size of the e x clusion r egion for low axion masses ( μ = 10 −20 

nd lower) for r easonable accr etion events with Eddington ratios
f f Edd = 5 lasting for 5 Myr. The time-scales during which the
lack hole spin e x ceeds that of the corresponding non-boosted
imulations e x clusion r egion (or der of 10 7 –10 8 yr ) is long enough
o possibly be observable. The impact of such early boosts closes
he accretion region for lower black hole masses. 

We have shown that the superradiance effect is fairly stable 
g ainst variable accr etion effects after the superradiance drop, as
or such late accretion events the fraction of the accr etion r egion
losed off due to the accretion boost remains small. Higher axion 

asses are generally more stable against variable accretion events 
s unrealistically high, sustained Eddington ratios are required to 
ignificantly change the e x clusion r egion. 

One of the caveats of the analysis presented in this paper 
s e x clusion of mor e r ealistic self-int eraction t erms that modify
he superradiant states and their time-scales. In particular, self- 
nteraction could delay the spin extraction and also reduce the 
mount of angular momentum extracted from the black hole. 
 For two axion particles with masses μ1 and μ2 , boosts with �t ev, 1 = 

t ev, 2 × μ2 /μ1 and f Edd , 1 = f Edd , 2 × μ1 /μ2 lead to equivalent, but not 
dentical, trajectories on the Regge plane. 

B
B
C  

D

oupling of the time-varying accretion with more realistic self- 
nteraction models could ther efor e have str ong implications for
he e x clusion r egion in the Regge plane. We leave the details of 
uch calculations to future work. 

Overall, our results show that the exclusion region remains in 

xist ence ev en for boosts in accretion rate that lead to significant
lack hole mass growth.One limitation of our study is that we
ave assumed initially maximally spinning black holes for all our 
odels. A lower initial spin a 0 << a max can also reduce the size

f the e x clusion r egion by delaying the superradiance drop (P.
armah et al. 2025 ). Gr avitational w ave emission from the axion
loud was also omitted from this study. Adding this dissipative 
ffect would delay the onset of superradiance as the axion cloud
ould take longer to reach the critical mass. Secondly, boosts 

hat occur after the first superradiance drop would further deviate
rom the critical spin trajectory due to the interplay between the
nergy dissipation due to gravitational waves and the accretion 

oost. While the boosts t est ed here hav e been chosen t o be rep-
esentative of those experienced by massive black holes both in 

bservations and simulations (see Section 1 for a discussion), our 
tudy cannot probe the cumulative effect of continued changes in 

ccretion on the long-term spin evolution of black holes. To do so
ould r equir e modelling the spin evolution of black holes includ-

ng the effect of super-radiance based on the black hole’s mass ac-
retion histories extracted from cosmological simulations. Such 

 study would allow us to predict the expected distribution of 
assive black hole spins for different axion masses. We could also

se it to study under which conditions realistic black holes meet
he conditions for superradiance dr ops acr oss cosmic time. We
efer this study to future work. 
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P P E N D I X  A:  T I M E  OF  SUPERRADIANCE  

ROP  D E P E N D E N C E  ON  μ

o prove the alignment of Regge trajectories for boosts before the
uperradiance drop, we must show that the α at which the drop
ccurs at is independent of μ. This is first done through deriving
he time at which the superradiance drop occurs for the constant
ccretion case (constant f Edd ). This can then be trivially extended
 o a boost ed situation as the boost can be considered as another
egime of constant accretion. 

The following derivation uses natural units ( c = 1 , G = 1 , � =
 ). As outlined in Section 2.3 , initial ω I is assumed constant before
he superradiance drop compared to axion cloud growth. 

Firstly, from equation ( 9 ) w e hav e log τs ∼ log 
M 

2 

M S 
− log ω I +

og aμ

2 . Using ω I = 

1 
48 (a –a crit ) α8 μ from equation ( 6 ) and substi-

uting explicit M dependencies with 

α
μ

we get: 

log τs = log 
(

24 a 

α6 M S μ2 (a –a crit ) 

)
(A1) 

Secondly, before the superradiance drop , the deca y of τs 
s driven by the growth of the axion cloud rather than ω I 
s explained in Section 2.3 . This means d log M S 

d t >> 

d log ω I 
d t 

nd 

d log M S 
d t >> 

d log M 

d t which is also established in Section
.3 . From this we can see that the derivative of log τs ∼
NRAS 547, 1–13 (2026) 
og M 

2 – log M S – log ω I + log aμ

2 , is 
d log τs 

d t 
≈ −d log M S 

d t 
=

2 ω I . Once again using ω I = 

1 
48 (a –a crit ) α8 μ from equation ( 6 )

ives 

d log τs 

d t 
≈ − ˙ M S 

M S 
= − 1 

24 
(a –a crit ) α8 μ. (A2) 

or current purposes, we assume d log τs 
d t to be relatively constant

efore the superradiance drop which, is correct to the first order.

Moving onto τacc , from equation ( 11 ) we can write τacc = 

Ma 

˙ M acc 
nd using ˙ M acc = f Edd M gives 

log τacc = log 
a 

f Edd 
(A3) 

Assuming the rate of decay of τs is constant in log space, the
ime between the beginning of the evolution and the superradi-
nce drop (here called t s ) is given by 

 s = 

log τacc − log τs 
d log τs 

d t 

(A4) 

here all quantities ( a , a crit , M S , and α) are evaluated at time t =
 as we assume constant decay in τs . 

The only e x ception might be the black hole spin a , which we
ssume to be maximal for the purpose of this discussion. This is
ustified because for our simulations τacc << τs initially, which

eans the black hole will always spin up maximally long before
he superradiance drop. Plugging equations ( A1 ), ( A2 ), and ( A3 )
nto equation ( A4 ) gives 

 s = 

24 
(a –a crit ) α8 μ

log 
(

24 f Edd 

α6 M S μ2 (a –a crit ) 

)
(A5) 

here all terms are constant and evaluated at t = 0 . 
So for different axion masses of μ1 and μ2 we expect 

 s , 1 = 

A 2 

A 1 

[
t s , 2 − 24 

A 2 
log 

(
α6 

1 M 1 ,S μ
2 
1 f 2 , Edd (a 1 –a 1 , crit ) 

α6 
2 M 2 ,S μ

2 
2 f 1 , Edd (a 2 –a 2 , crit ) 

)]
(A6) 

here 

 i = (a i –a i, crit ) α8 
i μi . (A7) 

rom this, the α at which the superradiance drop occurs (denoted
s αS ) is given by αS = αt=0 exp ( f Edd t s ) as d M 

d t >> 

d M S 
dt before the

uperradiance dr op 

3 . Considering shar ed initial α, (a –a crit ) and
 S as in our simulation scheme, we see that equation ( A6 ) has

 scaling of μ2 
μ1 

with a time delay as the second term. This time
elay is much smaller than the leading t s, 2 term. This means t s , 1 ≈

μ2 
μ1 

t s , 2 . Ther efor e, as f 1 , Edd = 

μ1 
μ2 

f 2 , Edd in our simulation scheme,
S is the same across μ1 and μ2 causing the Regge traject ories t o
lign. For a boosted case, the boost can be considered as another
egime of constant accretion, so the time scalings hold. The only
aveat is that from equation ( 14 ), M 1 ,S � = M 2 ,S after the boosts.
ow ev er, this only contributes to the time delay term, which is
sually small. This means that the t s , 1 ≈ μ2 

μ1 
t s , 2 scaling will still

argely hold. 
d t 
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P P E N D I X  B :  REGGE  PLANE  E VO LU T I O N  

E P E N DA N C E  ON  μ

o prove the alignment of the trajectories in the Regge space, we
ust show that d a 

d ln α is independent of μ. Ther efor e, if initial con-
itions ( a , α, and M S ) are shared, then the R egge tr ajectories will
lign. Using natural units ( c = 1 , G = 1 , � = 1 ), the mathematical
erivation of this is given below. 
First, the derivative of a with ln α is manipulated using chain 

ule to give the following: 

d a 

d ln α
= α

d a 

d α
= 

α

μ

d a 

d M 

(B1) 

sing the definition of spin ( a = J/M 

2 ) we take the derivatives
ith respect to M give 

α

μ

d a 

d M 

= 

α

μ

(
1 

M 

2 
d J 
d M 

− 2 J 
M 

3 

)
(B2) 

 is substitut ed t o remov e any J t erms and any explicit M depen-
encies are replaced with 

α
μ

. 

α

μ

(
1 

M 

2 
d J 
d M 

− 2 J 
M 

3 

)
= 

μ

α

d J 
d M 

− 2 a (B3) 

he derivative of angular momentum ( J) with M can be converted
o a time derivative d J 

d M 

= 

d t 
d M 

d J 
d t . This is used in equation ( B3 ) to

ive: 

d a 

d ln α
= 

μ

α

d t 
d M 

d J 
d t 

− 2 a (B4) 

d J 
d t is the time derivative of the BH angular momentum, which is
escribed in equation ( 4 ) as ˙ J = 

˙ J ACC − ˙ M s 
μ

. We will analyze the
 erms ˙ J ACC and 

˙ M s 
μ

separat ely. ˙ J ACC is r epr esented in equation ( 7 )
s ˙ J ACC = 

2 M 

3 
√ 

3 B 

˙ M ACC . B is defined from equation ( 7 ) as 

 = 

2 G 

3 c 
√ 

3 

1 + 2 
√ 

3 c 2 r ISCO 
GM 

− 2 √ 

1 − 2 GM 

3 c 2 r ISCO 

(B5) 

rom (J. M. Bardeen et al. 1972 ), the innermost stable circular
rbit is given by 

 ISCO = 

GM 

c 2 
[ 
3 + Z 2 (a ) ±

√ 

(3 − Z 1 (a ))(3 + Z 1 (a ) + 2 Z 2 (a )) 
] 
, 

(B6)

here 

Z 1 (a ) = 1 + (1 − a 

2 ) 1 / 3 
[ 

(1 + a ) 1 / 3 + (1 − a ) 1 / 3 
] 
, 

Z 2 (a ) = 

√ 

3 a 

2 + Z 1 (a ) 2 . 
(B7) 

ince Z 1 and Z 2 depend explicitly on the spin parameter a , all
ccurrences of r ISCO 

M 

in B of equation ( B5 ) are functions of a only,
s the mass M cancels. Hence, B itself is solely a function of a ,
ith all other dependencies (including μ) r emoved. N e xt, ˙ M S 

μ
can

e rewritten as 2 M S ω I 
μ

by substituting ˙ M S through equation ( 2 ). 
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sing ω I = 48 (a − a crit ) α8 μ from equation ( 6 ) gives: 

˙ M s 

μ
= 

1 
24 

M s (a –a crit ) α8 (B8) 

sing our definitions of ˙ J ACC and 

˙ M S 
μ

, we can r ewrite d J 
d t thr ough

quation ( B4 ) as 

d J 
d t 

= 

2 α
3 μ

√ 

3 
B 

˙ M ACC − 1 
24 

M S (a –a crit ) α8 (B9) 
his can then be used to substitute d J 

d t in equation ( B4 ) to finally
ive: 

d a 

d ln α
= 

d t 
d M 

(
2 

3 
√ 

3 
B 

˙ M ACC − μ

24 
M S (a –a crit ) α7 

)
− 2 a (B10) 

o prove equation ( B10 ) is independent of μ we must consider
ow M S varies for differ ent μ. Fr om Section 2.3 we know that
efore the superradiance drop, M S increases t o driv e τs t o τacc ,
ausing the superradiance drop. After the superradiance drop, 
 S is relatively constant. In our simulation scheme, the initial 
 S values are equal across μ. As the growth of M S is what drives

s to τacc , through equation ( 10 ): log M S ∝ log τs (t = 0) – log τacc 
here τs (t = 0) is the superradiance time-scale evaluated at the
eginning of the simulation. Using equation ( A1 ) and equation
 A3 ) we get that M S at the point of the superradiance drop is 

 S ∝ 

24 f Edd 

μ2 α6 M S (a –a crit ) 
(B11) 

here α, M S , a , and a crit are all evaluated at t = 0 . In our simu-
ation scheme f Edd ∝ μ pr e-boost. Ther efor e, at the point of the
uperradiance drop, 

 S ∝ μ−1 (B12) 

here w e hav e ignor ed any shar ed constant terms (such as α, M S ,
nd (a –a crit ) that ar e shar ed between μ in our simulation setup
hen evaluated at t = 0 ). 
To prove that the relation M S ∝ μ−1 holds at later times after

he superradiance drop, we must show that d M S 
d t is also indepen- 

ent of μ. Using equation ( 2 ) we see: 

˙ 
 S = 2 M S ω I = 

1 
24 

M S (a –a crit ) α8 μ (B13) 

ince M S ∝ μ−1 right after the initial superradiance drop, the 
ependence on μ is r emoved. Ther efor e, a M S ∝ μ−1 scaling re-
ains throughout the evolution of the black hole after the initial

uperr adiance drop. R eferring t o equation ( B10 ), the second t erm
ithin the brack ets, in v olving M S , cancels with the fact or of μ,

liminating any dependence on μ. Furthermore, the mass evo- 
ution equation, d M 

d t = 

˙ M ACC – ˙ M S , is likewise independent of μ, 
ince both 

˙ M ACC and 

˙ M S are independent of it. These relations 
ill continue to exist for any subsequent boost after the initial

uperradiance drop. As a result, equation ( B10 ) is entirely inde-
endent of μ, and black holes will follow identical trajectories 

n the Regge plane even for boosts after the initial superradiance
r op, pr ovided the appr opriate scaling r elations ar e applied. 
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