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A B S T R A C T 

A stellar-mass black hole, embedded within the accretion disc of an active galactic nuclei (AGN), has the potential to accrete 
gas at a rate that can reach approximately ∼10 

9 times the Eddington limit. This study explores the potential for nuclear burning 

in the rapidly accreting flow towards this black hole and studies how nucleosynthesis affects metal production. Using numerical 
methods, we have obtained the disc structure while considering nuclear burning and assessed the stability of the disc. In contrast to 

gas accretion onto the surface of a neutron star or white dwarf, the disc remains stable against the thermal and secular instabilities 
because advection cooling offsets the nuclear heating effects. The absence of a solid surface for a black hole prevents excessive 
mass accumulation in the inner disc region. Notably, nuclear fusion predominantly takes place in the inner disc region, resulting in 

substantial burning of 12 C and 

3 He, particularly for black holes around M = 10 M � with accretion rates exceeding approximately 

∼10 

7 times the Eddington rate. The ejection of carbon-depleted gas through outflows can lead to an increase in the mass ratio 

of oxygen or nitrogen to carbon, which may be reflected in observed line ratios such as N V /C IV and O IV /C IV . Consequently, 
these ele v ated spectral line ratios could be interpreted as indications of supersolar metallicity in the broad-line region. 

Key words: accretion, accretion discs – nuclear reactions, nucleosynthesis, abundances – methods: analytical – stars: black 

holes – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

n accretion disc surrounding a compact object can release gravi-
ational energy and is believed to be responsible for various cosmic
henomena, such as active galactic nuclei (AGN) or X-ray sources
Ho 2008 ; Abramowicz & Fragile 2013 ; Yuan & Narayan 2014 ;
etzer 2015 ; P ado vani et al. 2017 ). Man y researchers hav e dev eloped

heoretical models of these accretion discs that operate at different
ccretion rates (Shakura & Sunyaev 1973 ; Abramowicz et al. 1988 ;
arayan & Yi 1994 ). The radiative cooling emitted from the surface
f the accretion disc can reduce the disc thickness until viscous
eating balances the radiative loss. When this balance is not achieved,
specially in the outer regions of the disc, the self-gravity of the disc
ecomes significant, potentially leading to local instability (Paczyn-
ki 1978 ; Abramowicz et al. 1984 ; Lodato 2007 ; Wang et al. 2011 ). 

As instability develops, it can result in fragmentation through
ravitational instability (Shlosman & Begelman 1987 ; Goodman
003 ; Goodman & Tan 2004 ; Lodato 2007 ; Collin & Zahn 2008 ;
ang et al. 2011 ; Mapelli et al. 2012 ). The fragments may collapse

urther, eventually forming stars (Shlosman & Begelman 1989 ;
oodman & Tan 2004 ; Cantiello, Jermyn & Lin 2021 ). 
Alternatively, stars within nuclear star clusters may be captured by

he accretion disc (Artymowicz, Lin & Wampler 1993 ; Wang, Zhu &
 E-mail: luoyang@ynu.edu.cn 
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in 2024 ). Observations of stellar clusters around the galactic centre
nd the notably top-heavy initial mass function (e.g. Nayakshin &
un yaev 2005 ; P aumard et al. 2006 ; Bartko et al. 2010 ; Nayakshin &
ubovas 2018 ; Zhu, Li & Morris 2018 ; Neumayer, Seth & B ̈oker
020 ; Sch ̈odel et al. 2020 ; Jia et al. 2023 ) suggest star formation
ay have occurred in the Galactic Centre several million years ago.
ubsequently, stars and compact objects within these clusters might
ave slowly drifted towards the SMBHs due to dynamical friction
ith surrounding gas and stars (Gerhard 2001 ). The rate of this
rift is affected by the distribution of orbit eccentricity of these
tars (Collin & Zahn 2008 ; Kennedy et al. 2016 ). Furthermore, the
ossible connection between the spatial locations of quasar SDSS
1249 + 3449 and the gra vitational wa v e ev ent GW190521 (Graham
t al. 2020 ) hints at the possibility of forming massive black hole
inaries in AGN discs, where the dense environments promote binary
ergers (Samsing et al. 2022 ). It appears likely that stars or compact

bjects could reside within the AGN disc. 
Whether formed due to disc instability or captured from the cluster,

hese stars or compact objects can continue growing through gas
ccretion (Dittmann & Miller 2020 ; Wang et al. 2021a , 2024 ; Ali-
ib & Lin 2023 ). 
Unlike field stars in their host galaxies, stars located in self-

ravitating AGN discs can accrete gas at rates significantly exceeding
he Eddington limit, primarily because of the dense environment of
he AGN disc (Wang et al. 2021a ). An estimation of the accretion
ate towards the central object suggests that the Eddington ratio
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. The disc structure as function of radius, for models with a black hole mass of M = 100 M �. The panels from left to right display profiles for gas 
density ρ, temperature T , radial/sound velocity ( −v r /c , c s /c ) in units of c, and disc height aspect ratio H /r . Different coloured lines represent models with 
varying accretion rates. The upper panels illustrate models with α = 0 . 1, while the lower panels corresponds to α = 0 . 01. 
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ould reach values around ∼10 9 (Wang et al. 2021a ). For simplicity,
e refer to these rapidly accreting stars as accretion-modified stars 

AMSs) (Wang et al. 2021a , b ). It is important to note that the
entral star could be a normal star or a compact object. Certainly,
y examining a star age and the AGN lifetime (King & Nixon 2015 ;
chawinski et al. 2015 ), it is still plausible that the compact object
ould originated from surrounding star clusters and was subsequently 
aptured by the AGN disc. 

For an AMS, assuming a central black hole (BH), with an accretion
ate as high as ∼10 9 Ṁ edd , where Ṁ edd is the BH Eddington rate, is
here a potential for initiating nuclear burning within the accretion 
isc of this AMS? 
The sensitivity of nuclear reaction rates to temperature intro- 

uces the concept of ignition or threshold temperature (Prial- 
ik 2009 ). When this threshold is surpassed, the reaction rates
ncrease significantly. For hydrogen burning, the threshold tem- 
erature for the proton–proton chain is around 4 × 10 6 K, and 
or the CNO bi-cycle process, it is approximately 1 . 5 × 10 7 K.
n the numerical simulations (Kitaki et al. 2018 ), it is implied
hat for supercritical accretion discs, the temperature within the 
isc mid-plane can be approximated by a formula T = 3 . 85 ×
0 7 K ( M / M �) −0 . 24 ( Ṁ / Ṁ edd ) 0 . 24 ( r / 2 r g ) −0 . 54 , where M , Ṁ , and c
re the BH mass, accretion rate, and the speed of light, respectively.
he gravitational radius r g is defined as r g ≡ GM/c 2 . Consequently, 

he temperature in the accretion disc, by assuming supercriti- 
al accretion, could potentially reach the threshold for nuclear 
urning. 

The time-scale of a nuclear reaction is inversely proportional to 
he reaction rate (Iben 2012 ). For an estimate of this time-scale, we
onsider a density of ρ ∼ 1 g cm 

−3 and a temperature of T ∼ 1 . 6 ×
0 7 K. Referring to Fig. 1 , the densities at various accretion rates have
lready increased to approximately an order of magnitude greater 
han ∼1 g cm 

−3 near the inner disc area. Using these parameters, we
etermine that the lifetime of the isotope 16 O, which has the longest
ifetime among the nuclei in the CNO bi-cycle, to be approximately 

10 −4 s (see table 6.10.2 in Iben 2012 ). This time-scale is already
horter than the disc viscous time-scale. As the disc accretion rate 
ncreases, the density and temperature near the disc centre could also 
ncrease, and thus the time-scale, which also depends on the disc
adius, might become even shorter. 

Therefore, based on the abo v e estimation of the disc temperature
nd the nuclear time-scale, it is expected that the accreting material
n the AMS disc may experience phenomena like hydrogen burning 
r alpha captures. 
Observational phenomena, such as novae (e.g. Shen & Bildsten 

007 ; Hachisu & Kato 2019 ) or type I X-ray bursts (e.g. Narayan &
eyl 2003 ; Zamfir, Cumming & Niquette 2014 ; Galloway, Good-
in & Keek 2017 ; Galloway & Keek 2021 ), are thought to be linked

o nuclear reactions that occur in an unstable fashion. It is hypothe-
ized that hydrogen shell burning or thermonuclear explosions may 
ccur on the surface of white dwarfs or neutron stars (for a re vie w,
ee Le win, v an Paradijs & Taam 1993 ; Gallo way et al. 2017 ). Are
hermonuclear explosions possible in a supercritical accretion disc? 
an nuclear burning affect disc stability or cause variations in the
ccretion rate? Or could we expect any type of observational flare,
aused by these instabilities, in the light curves? 

A pertinent question is whether nucleosynthesis can significantly 
odify the abundance of heavy elements in the disc. Observations 

uggest that the metallicity of the broad-line region (BLR) in high-
edshift quasars exceeds solar levels, inferred from specific emission 
ine ratios (Nagao, Marconi & Maiolino 2006 ; Shin, Nagao & Woo
017 ; Lai et al. 2022 ; Huang, Lin & Shields 2023 ). This supersolar
etallicity might result from star formation in the nuclear region 

f the AGN host galaxy, where these stars subsequently enhance 
he metal content of quasars (see the re vie w paper of Hamann &
erland ( 1999 )). Furthermore, if the energy generated by nuclear
eactions within the accretion disc of AMS is considerable, we might
lso expect some metal contributions from the outflow within the 
ccretion disc. 

Research on nuclear reactions and nucleosynthesis in accretion 
ows around black holes has been previously examined by various 
cholars (Taam & Fryxell 1985 ; Chakrabarti, Jin & Arnett 1987 ;
rai & Hashimoto 1992 ; Mukhopadhyay & Chakrabarti 2000 , 2001 ;
u & Peng 2008 ). Ho we ver, studies on accretion rates as high as
10 9 Ṁ edd have not yet been performed. Furthermore, earlier studies 

ad to assume very inefficient angular momentum transport, with α
MNRAS 535, 3050–3058 (2024) 
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iscosity levels as low as ∼10 −10 –10 −6 (Arai & Hashimoto 1992 ),
r ignore the effect of advection cooling, which could be important
or the supercritial accretion disc (Taam & Fryxell 1985 ). 

In this paper, we revisit the examination of nucleosynthesis within
he fast accretion flow towards an AMS, with a focus on the
ossibility of nuclear burning. The paper is organized as follows:
ection 2 provides a brief overview of the equations used to model

he disc structure surrounding a black hole. Section 3 delves into
he thermodynamic conditions within the disc, presents the findings
n the disc structure incorporating nuclear burning, and assesses the
tability of the disc. Section 4 explores nucleosynthesis in the disc
nd considers the potential implications for metal enrichment within
he AGN disc. The paper concludes with final remarks in the last
ection. 

 DESC R IPTION  O F  T H E  M O D E L  

t very high mass accretion rates, particularly those at or exceeding
he Eddington limit, the optical depth becomes large, causing radia-
ion to be trapped within the inflowing gas (Abramowicz et al. 1988 ).
his supercritical disc is represented by the slim disc model, which

s a one-dimensional accretion disc that incorporates the photon-
rapping effect as the advection of photon entropy in the energy
quation (Abramowicz et al. 1988 ; Kato, Fukue & Mineshige 2008 ).
n the following, we adopt the formalism of the supercritical slim
isc structure and include the impact of nuclear reactions. 

.1 Structure of the disc 

n this study, we focus on a steady and axisymmetric accretion
ow, disregarding time-dependent properties. The disc model is
stablished through the solution of the energy and momentum
alance equations with specified values of the accretion rate Ṁ ,
he black hole mass M , and the viscosity coeffcient α. 

Cylindrical coordinates ( r, ϕ, z) are employed, centred around the
lack hole. The hydrodynamic equations, involving mass conserva-
ion, radial momentum equation, angular momentum conservation,
nd vertical hydrostatic balance along with the energy equation, can
e expressed as follows. 

˙
 = −2 πrv r �, (1) 

 r 

d v r 
d r 

+ 

1 

� 

d � 

d r 
= r 

(
	2 − 	2 

K 

) − � 

� 

d ln 	K 

d r 
, (2) 

˙
 ( 
 − 
 in ) = −2 πr 2 T rϕ , (3) 

2 N + 3) 
� 

� 

= H 

2 	2 
K , (4) 

 vis + Q nuc = Q adv + Q rad . (5) 

ere, �, v r , 	, 	k , 
 , 
 in , and H represent surface density,
adial velocity, angular velocity, Keplerian angular velocity, specific
ngular momentum, specific angular momentum at the inner edge of
he disc, and disc scale height, respectively. 

The r- ϕ component of the height-integrated viscous stress tensor
s denoted by T rϕ , related to the total pressure by T rϕ = −α� ,
here � stands for the height-integrated total pressure p defined

s � ≡ ∫ 
p d z, and α represents the viscosity parameter. The model

s v ertically inte grated, and the surface density is determined as � ≡
 

ρ d z, where ρ is the density at the disc mid-plane. A polytropic
elationship p ∼ ρ1 + 1 /N is assumed in the vertical direction, with
 = 3 as the polytropic index. 
NRAS 535, 3050–3058 (2024) 
The total heating rate comes mainly from two sources: viscous
eating Q vis and nuclear burning Q nuc . The viscous heating rate is
etermined by the shear T rϕ , and can be written as: 

 vis = −rT rϕ 
d 	

d r 
. (6) 

The cooling in the disc is mostly due to advection and radiation.
he adv ectiv e cooling is determined approximately as 

 adv ≈ Ṁ 

2 πr 2 

� 

� 

ξ. (7) 

The variable, ξ , which is of order unity, is a dimensionless quantity
iven by 

= −( A ξ + 0 . 5) 
d ln � 

d ln r 
+ ( A ξ + 1 . 5) 

d ln � 

d ln r 
+ 

d ln 	k 

d ln r 
, (8) 

where A ξ = 3(1 − β) + β/ ( γ − 1) and β is the ratio of the gas
ressure to the total pressure. γ is the ratio of the generalized specific
eats. 
The disc is assumed to be optically thick, and the radiative cooling,

elated to the temperature T at the disc mid-plane, is equal to 

 rad = 

8 a r cT 4 

3 κρH 

, (9) 

here a r is the radiation density constant. We adopt the Rosseland-
ean opacity κ = 0 . 4 + 0 . 64 × 10 23 ρT −3 [cm 

2 g −1 ]. 

.2 Nuclear reactions 

uclear reactions occurring in the mid-plane of the disc have
he potential to generate significant energy that can influence the
ynamics of the disc. Typically, for a low mass accretion rate, the
ate of nuclear reactions is considered to be insignificant as a result
f the low density and temperature of the material. However, in
ases of rapid accretion, where the material is denser and hotter,
uclear reactions play a crucial role (Taam & Fryxell 1985 ; Arai &
ashimoto 1992 ). 
In order to simplify steady-state disc modelling due to compu-

ational limitations, two types of hydrogen burning reactions are
aken into account: the proton–proton chain reaction and the CNO
i-cycle reaction. Furthermore, helium burning is considered through
he three-alpha reaction. 

The specific energy-generation rates per unit mass in unit of
rg g −1 s −1 of these reactions, adopted from Iben ( 2012 ) (see their
quations 6.9.38, 6.10.9, and 16.2.50), are 

pp ≈ X 

2 
1 ρ/T 

2 / 3 
6 exp 

(
14 . 74 − 33 . 81 /T 1 / 3 6 

)
βn , (10) 

CNO ≈ X N X 1 ρ/T 
2 / 3 

6 exp 
(
64 . 232 − 152 . 299 /T 1 / 3 6 

)
, (11) 

3 α ≈ X 

3 
4 ρ

2 /T 3 8 exp (31 . 12 − 44 /T 8 ) , (12) 

here βn = 1 + J k (0 . 9576 − 0 . 4575 �) / (1 + �). Here, T 6 and T 8 
epresent the temperature in units of 10 6 and 10 8 K, respectively.
he parameter βn is roughly on the order of unity, whereas J k varies
ith temperature. At low temperatures, J k is quite small; ho we ver,
hen the temperature surpasses 10 7 −8 K, J k approaches a value of

lose to one. More details on the calculations of J k and � could
e found in Chapter 6.9, of Iben ( 2012 ). In the calculations, we
ssume the mass fraction of hydrogen X 1 = 0 . 71, the mass fraction
f helium X 4 = 0 . 21 and X N = 0 . 01. The energy generation rats are
 ery sensitiv e to the temperature, as indicated from the exponential
art of these equations. 
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Nuclear processes such as electron–positron pair annihilation, 
remsstrahlung, plasmon decay, and the URCA process are not 
ncluded in this study. By examining the density and temperature 
rofiles presented in Section 3 , we determined that the energy con-
ributions from these mechanisms remain negligible. These processes 
ight become significant for accretion discs where neutrino cooling 

redominates, but our accretion rates are still below those found in 
eutrino-cooled discs (e.g. Popham, Woosley & Fryer 1999 ; Janiuk 
t al. 2007 ; Luo et al. 2013 ). Moreo v er , spallation reactions in volving
igh-energy particles with projectile energies exceeding MeV or GeV 

re also not considered in this work. 
After we obtain the disc structure, we utilize the disc density and

emperature in a post-process way to calculate the nucleosynthesis. 
n this analysis phase, we numerically e v aluate the nuclear reaction
ates and the nuclear heating term through the publicly accessible 
ode, using a widely accessible alpha chain reaction network. 1 This 
eaction network, as described by Weaver, Zimmerman & Woosley 
 1978 ) and Timmes ( 1999 ), incorporates 21 isotopes within an
lpha chain spanning from helium to nickel, including isotopes that 
acilitate various forms of hydrogen burning such as proton–proton 
hains and steady-state CNO bi-cycles. This network is also the 
 orkhorse netw ork used by the MESA code, which is used to solve

he stellar evolution equations (Paxton et al. 2011 ). 

.3 Equation of state 

e assume the equation of state adopted from Paczynski ( 1983 ),
here the photons are assumed to follow the blackbody formula. 
he pressure is calculated as 

 = 

1 

3 
a r T 

4 + 

ρk b T 

μm p 
+ Kρ5 / 3 , (13) 

here k b , m p , μ, and K are the Boltzmann constant, mass of the pro-
on, total mean molecular weight, and K = 3 . 12 × 10 12 (1 + X 1 ) 5 / 3 .

.4 Black hole rotation 

he structure of the relativistic accretion disc is calculated using 
he correction factors derived in Riffert & Herold ( 1995 ) for a Kerr
lack hole. The BH spin is parametrized by a dimensionless specific 
ngular momentum, a, and the following functions of a, M , and 
adial coordinate r are introduced: 

 = 1 − 2 GM 

c 2 r 
+ 

(
GMa 

c 2 r 

)2 

, (14) 

 = 1 − 3 GM 

c 2 r 
+ 2 a 

(
GM 

c 2 r 

)3 / 2 

, (15) 

 = 1 − 4 a 

(
GM 

c 2 r 

)3 / 2 

+ 3 

(
GMa 

c 2 r 

)2 

, (16) 

 = 

1 

2 
√ 

r 

∫ r 

r ms 

x 2 c 4 

G 

2 − 6 Mxc 2 

G 

+ 8 a 
√ 

M 

3 xc 2 

G 

− 3 a 2 M 

2 

√ 

x 

(
x 2 c 4 

G 

2 − 3 Mxc 2 

G 

+ 2 a 
√ 

M 

3 xc 2 

G 

) d x. (17) 

he abo v e coefficients approach unity at large radii and for small
pin parameter. The inner boundary of the disc is located at the last
table circular orbit r ms , depending on the black hole spin (Bardeen,
ress & Teukolsky 1972 ): 

 ms = 

GM 

c 2 
(3 + z 2 + 

√ 

(3 − z 1 )(3 + z 1 + 2 z 2 ) ) , (18) 
 https:// cococubed.com/ code pages/ burn helium.shtml 

c
p  

i

here z 1 = 1 + (1 − a 2 ) 1 / 3 ((1 + a) 1 / 3 + (1 − a) 1 / 3 ), z 2 = 

(
3 a 2 +

 

2 
1 

)1 / 2 
. 

The increase of gravity in the close vicinity of the rotating black
ole in consequence leads to a smaller disc height, which will be
iven by the hydrostatic equilibrium: 

 = 

√ 

(2 N + 3) c s 
	k 

√ 

B 

C 

. (19) 

here the sound speed c s is defined as c 2 s ≡ �/�. 
The angular velocity in the disc around a spinning black hole is

iven by: 

= 

c 

r g 

((
r/r g 

)3 / 2 + a 
) . (20) 

The viscous shear will be modified as: 

 rϕ = −α� 

A √ 

BC 

. (21) 

Consequently, the viscous heating term in the energy balance 
quation will be affected by the abo v e correction factors and modified
s Q vis D/B. This factor D/B is equal to zero at the radius r ms and
pproaches unity at large radii. 

.5 Numerical method 

e consider a supercritical accretion flow onto a black hole by
ntroducing mass from the outer boundary at a constant rate of Ṁ .
he inner region might involve significant nuclear burning, where the 
elf-similar method may not accurately capture the profiles. Instead 
f employing the self-similar approach to solve the disc structure, 
e opt for a numerical method. 
Through a series of algebraic manipulations of equations 1 –5 , we

btain the following set of two ordinary differential equations for 
 r ( r) and � ( r) [

( A ξ + 0 . 5) 
v 2 r 

c 2 s 

− ( A ξ + 1 . 5) 

]
� v r = q vis + q nuc − q rad 

 ( A ξ + 1 . 5) − � k + ( A ξ + 0 . 5) 

(
r 2 	2 − r 2 	2 

k 

c 2 s 

− � k 

)
, (22) 

 � 

= 

r 2 	2 − r 2 	2 
k 

c 2 s 

− � k − v 2 r 

c 2 s 

� v r . (23) 

n this context, the parameters � v r , � k , � � 

are associated with the
eri v ati ves d ln v r / d ln r , d ln 	k / d ln r , and d ln �/ d ln r , accord-
ngly. Meanwhile, the parameters q vis , q nuc , q rad determine the rela-
ive magnitudes of Q vis , Q nuc , and Q rad in comparison to Ṁ c 2 s / 2 πr 2 .

e solve the pair of equations to determine the values of � v r and
 � 

, after which we update v r ( r) and � ( r) accordingly. 
The flow structure is calculated from the outer edge located at

 = 10 4 r g to r ms passing through the transonic point. At the outer
oundary, we enforce the disc angular momentum to be Keplerian, 
ith the disc height aspect ratio H /r ∼ 0 . 1. At the inner boundary
 ms , we consider torque-free conditions. We adjust l in , the specific
ngular momentum at r ms , to satisfy the regularity condition at
he transonic radius, ensuring the accretion flow undergoes a sonic 
ransition in the inner region. The location of the sonic radius could
e determined by the outer edge and also the choice of α (for a
iscussion of the sonic radius, see Lu, Gu & Yuan 1999 ). 
Subsequently, we utilize the obtained density and temperatures to 

alculate nucleosynthesis in the code. During the nucleosynthesis 
rocess, we assume that the element abundance in the accretion flow
s similar to that of the solar atmosphere (Lodders 2003 ). 
MNRAS 535, 3050–3058 (2024) 
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Figure 2. The contribution of nuclear heating to the total heating rate, as 
function of accretion rates. Ratios are adopted at disc radius of r = 3 r g . The 
coloured lines represent models with different black hole mass. 
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 RESU LTS  

n our work, we choose a Kerr black hole and use the gravitational
adius r g , to be the unit of the length-scale. The BH spin a is set as
 = 0 . 9. We calculate the Eddington rate Ṁ edd as Ṁ edd = L edd /c 

2 ,
here L edd is the Eddington luminosity. In this section, we discuss the
umerical results that we have obtained by solving the full equations.

.1 The steady-state disc structure 

e begin by examining the disc structure in a stationary accretion
isc model. In Fig. 1 , we present the profiles of density ρ, temperature
 , radial/sound velocity v r /c s , and disc height aspect ratio H /r 

t varying accretion rates, for models with a black hole mass of
 = 100 M �. The upper panels illustrate the profiles for α = 0 . 1,
hile the lower panel corresponds to α = 0 . 01. Generally, both tem-
erature and density profiles increase towards the centre. For models
ith lower accretion rates, the density distribution with respect to

he radius closely resembles the profile ρ ∼ r −1 . 5 , in line with the
heoretical slim-disc models (Watarai 2006 ). Ho we ver, numerical

odels suggest a slightly flatter profile of ρ ∼ r −0 . 73 (Kitaki et al.
018 ). It should be noted that we have not considered the impact
f outflow abo v e the disc in our analysis, which may contribute
o the differences observed in the density profile. The temperature
rofile follows a trend T ∼ r −0 . 5 , which is broadly consistent with
he early theoretical expectations of T ∼ r −0 . 63 (Watarai 2006 ) and
he numerical predictions of T ∼ r −0 . 54 (Kitaki et al. 2018 ). 

When the Eddington rate ratio ṁ ≡ Ṁ / Ṁ edd reaches ṁ = 10 8 , our
olutions reach a temperature as high as T ∼ 10 9 K in the innermost
adii of the disc. Even for the rate ratio of ṁ = 10 6 , the temperature
n the inner region has already exceeded the temperature thresholds
or the CNO nuclear burning. 

In models with accretion ratios ṁ ≤ 10 8 , the density for α = 0 . 01
as shown in the lower panels) is 4 to 6 times greater than that in mod-
ls with α = 0 . 1, for the same accretion rate. While the temperature
iffers by no more than approximately a factor of 2. As the accretion
atio reaches ṁ ≥ 10 8 , nuclear burning becomes active, resulting
n a shallower density and temperature profile within ∼100 r g . In
ystems with high accretion rates, advection cooling predominates
 v er radiativ e cooling to counterbalance viscous heating, allowing
he inner temperature of the disc to vary with different values of α. 

In the third panel, we present the radial velocity and sound speed
elative to the speed of light as functions of radius. The gas flow
asses through the sonic point around 2–3 times the gravitational
adius, which is close to r ms . The sound speed in the inner region can
each speeds as high as 0.2 times the speed of light, and this remains
elativ ely constant re gardless of the accretion rate or the α values.

hen α = 0 . 01, the angular momentum transport is inef fecti ve,
eading to an accumulation of flow in the outer region. This is evident
s the radial velocity decreases by an order of magnitude compared
o models where α = 0 . 1. 

The disc scale height is relatively large, approximately with
 /r ∼ 1. It is important to consider the vertical structure for a thick

isc, which we have currently overlooked. It has been observed that
he gas may inevitably mo v e a w ay from the surf ace of the disc when
he radiation from the disc is strong, with a relative disc thickness
spect ratio H /r ≥ √ 

2 / 2 (Hubeny 1990 ; Gu & Lu 2007 ; Gu 2012 ;
ao & Gu 2015 , 2022 ; Feng et al. 2019 ). Does the vertically modified

tructure affect the disc with nuclear burning? The disc temperature
t the mid-plane is primarily determined by the energy balance, while
he outflow, which remo v es the disc angular momentum and energy
t the surface region, may have little impact on the temperature
NRAS 535, 3050–3058 (2024) 
rofile. Ho we ver, as the angular momentum is carried away, the
ensity along the vertical structure may be adjusted, potentially
eading to an increase in density at the mid-plane (Gong & Gu
017 ). Consequently, nuclear burning could be more significant than
nitially anticipated. 

In models where the black hole masses are M = 10 and 1000 M �,
e observe similar density profiles but with varying magnitudes. For

xample, the density for M = 10 M � is approximately an order of
agnitude greater. Meanwhile, the temperature profiles for various

lack hole masses, but at the same accretion rates, differ by merely a
actor of two or three. The radial velocity, sound speed, and the ratio
/r exhibit minimal variation with respect to the black hole mass. 
In Fig. 2 , we present the contribution of nuclear burning in the

 v erall heating rate at a distance of 3 r g . The various colours indicate
he proportional impact depending on the central black hole mass.
he upper panel displays the profiles for α = 0 . 1, while the lower
anel illustrates the case for α = 0 . 01. As the accretion rate rises, the
ignificance of nuclear burning in the heating process also increases.

When α is smaller, the viscosity could not efficiently remo v e
he gas angular momentum, leading to gas accumulation, reduced
adial velocity, and higher density and temperature. Consequently,
uclear heating becomes more pronounced for lower values of α. For
xample, when α = 0 . 01 and M = 10 M �, the critical rate where
uclear burning dominates the total heating rate is approximately
˙  = 10 7 . Conversely, for α = 0 . 1, this critical rate is shifted to ṁ =
0 8 . As the central black hole mass grows, the significance of nuclear
urning may diminish due to the inverse relationship between the
isc ef fecti ve temperature and the black hole mass (Abramo wicz
t al. 1988 ; Watarai 2006 ; Kato et al. 2008 ). Thus, we anticipate
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Figure 3. The Ṁ –� plane (upper panel) and the T –� plane (bottom panel) 
at r = 3 r g for various black hole masses. Models with α = 0 . 1 and 0.01 are 
depicted as solid and dashed lines, respectively. 
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 more noticeable impact of nuclear burning in less massive black 
oles. 
Various kinds of time variability in the light curv es hav e been

bserved in black hole accretion systems, and these variations may 
tem from the instability of accretion discs (Hameury 2020 ). An 
f fecti ve approach to investigating these instability processes is to 
nalyse the Ṁ –� plane and the T –� plane (Abramowicz et al. 1988 ;
ato et al. 2008 ; Yuan & Narayan 2014 ). These methods are highly

f fecti ve for studying both disc secular and thermal instabilities,
espectively. 

We present the Ṁ –� plane and the T –� plane at r = 3 r g for
arious black hole masses in Fig. 3 . Models with α = 0 . 1 and 0.01
re depicted as solid and dashed lines, respectively. In the event of
nstability, a turning point occurs in the curve, marking the critical 
tability point. This characteristic curve, known as the S-curve, 
as been widely used in the analysis of accretion-disc instability. 
o we v er, as observ ed in Fig. 3 , the accretion rate and temperature

onsistently show a positive correlation with the surface density, 
nsuring the stability of the accretion flow even when accounting for
he contributions of nuclear burning. 

Early studies by Taam & Fryxell ( 1985 ) conducted a local analysis
evealing the possibility of a phase transition in the disc, from a
old, low-viscosity state to a hot, high-viscosity state, due to the 
hermonuclear flash instability. It is important to note that the total 
eating energy is balanced by radiative cooling in this study, omitting 
dvection cooling. In contrast, our research considers advection 
ooling, which efficiently dissipates excess heat and contributes to 
he stability of the disc. 

Observations of novae and Type I X-ray bursts are believed to
esult from unstable nuclear burning on the surfaces of white dwarfs
nd neutron stars. Ho we ver, in the accretion disc of a black hole, as
epicted abo v e, nuclear stability is observ ed. A significant distinction
ies in the presence of a surface; the black hole lacks a surface,
reventing mass accumulation in the inner region of the disc. 

.2 Nucleosynthesis and disc composition 

he nuclear fusion process occurs in the inner region of the disc,
eading to the burning of progressively heavier elements with de- 
reasing radii. When calculating nucleosynthesis, the code retrieves 
he disc density and temperature data from the steady-state outcome. 
he calculation concludes at 1 s, approximately matching the viscous 

ime-scale of the disc. 
The radial distributions of the mass fraction X A ( r) for key isotopes

re illustrated in Fig. 4 . The profiles are displayed at ṁ = 10 8 ,
ho wcasing v arious black hole masses (from left to right-hand panels)
nd dif ferent v alues of α (from top to bottom panels). In the outer
egions of the disc, nuclear burning is negligible, and the mass
ractions closely resemble solar abundance. 

In a model with α = 0 . 1 and M = 10 M � (top left-hand panel),
t radii r = 200 r g , the temperature at the disc mid-plane reaches
pproximately ∼10 8 K, triggering the conversion of initial carbon 
2 C into 14 N. Within 200 r g , the 12 C is significantly consumed. As
he radius decreases to around r ∼ 10 r g , the temperature increases
urther, leading to the fusion of 14 N into 20 Ne , 24 Mg, and 28 Si. Closer
o the centre at r < 5 r g , 20 Ne, and 24 Mg undergo further fusion
o form 

28 Si and 32 S. For larger black hole masses, yet with α =
 . 1, the mass fractions of 20 Ne , 24 Mg , 28 Si, and 32 S exhibit minimal
ariation. 

The proportions of 1 H and 4 He remain largely unchanged, while 
2 C and 3 He are significantly depleted in all models. 

Early simulations of the supercritical accretion disc have shown 
hat magnetic buoyancy and convection can transport both energy 
nd mass to the disc surface, allowing a portion of the gas to be
arried away by the outflow (Jiang, Stone & Davis 2014 ). In our
nalysis, we can estimate the vertical convection time-scale as t conv ∼
 /c s , whereas the viscous time-scale in the radial direction is t vis ∼
/v r . This results in t conv /t vis ∼ ( H /r)( v r /c s ). As shown in Fig. 1 ,
he cross-sonic point is approximately 3 r g , and the ratio H /r is
round 1. Therefore, outside the sonic point, the ratio t conv /t vis might
e less than 1. Consequently, metals formed by nuclear burning 
ould be carried into the outflow before reaching the horizon, thereby
nriching the surrounding environment. 

In the vicinity of the BLR, the gas has been observed to carry sig-
ificant amounts of metals, often several times higher than the solar
bundance (Hamann & Ferland 1999 ; Nagao et al. 2006 ; Shin et al.
017 ; Lai et al. 2022 ; Huang et al. 2023 ). Assessing the abundance
evels in the BLR presents difficulties, with collisionally excited line 
ntensities in comparison to Ly α showing limited sensitivity to metal 
ontent. Common indicators of chemical abundances involve ratios 
uch as N V /C IV and (Si IV + O IV )/C IV (Hamann & Ferland 1999 ;
uang et al. 2023 ). 
Since most abundance indicators are based on carbon C, which 

s a key component in our models. Burning of this carbon could
otentially affect the line ratios observed. To simplify the analysis 
nd a v oid complex line ratio calculations due to photoionization
nd collisonal effects, we focus on presenting the mass content 
atios, which still offer an approximate representation of the relative 
MNRAS 535, 3050–3058 (2024) 
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Figure 4. The radial distribution of the mass fraction X A ( r) for key isotopes are shown, for different black hole mass (from left to right panels), and differnt 
viscosity α (from top to bottom panels). The profiles are displayed at ṁ = 10 8 . In the outer regions of the disc, nuclear burning is negligible, and the mass 
fractions closely resemble solar abundance. 
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ontributions. In Fig. 5 , we present the relative ratios for the
umulative distribution of the metal mass within 100 r g . The upper
anel illustrates the ratio of the enclosed nitrogen mass to the carbon
ass as a function of the accretion rates, while the lower panel depicts

he ratio of oxygen to carbon. The comprehensive 3D numerical
imulations conducted by Jiang, Stone & Davis ( 2019 ) demonstrate
hat outflows originate from approximately 50 gravitational radii
hen the accretion rate achieves ṁ = 1500. Given that our accretion

ates exceed this, we compute the cumulative distribution of metal
ass within 100 r g for illustrative purposes. 
It is crucial to acknowledge the possibility that the outflow rate
ight vary with the disc radius. Based on simulations performed

y Kitaki et al. ( 2018 ), the outflow rate stays roughly constant with
espect to radius within the inner region ( r < 120 r g ). In contrast,
he models presented by Jiang et al. ( 2019 ) show an increase in the
utflow rates as the radius increases (refer to their fig. 7, indicated
y the dashed black line). Thus, our estimations regarding the
umulative metal mass distribution provide merely an approximate
ssessment of metal enrichment. 

In Fig. 5 , it is evident that the relative mass ratios increase as
he accretion rates increase. In the case of models where α = 0 . 1
represented by solid lines) and the black hole mass exceeds M =
00 M �, the ratio of M N /M C shows minimal variation for accretion
ates below ṁ = 10 7 , but undergoes a modest change by a few factors
nce the rate reaches ṁ = 10 9 . Conversely, for black hole mass M =
0 M �, the M N /M C ratio exhibits a variation spanning two to three
rders of magnitude when ṁ = 10 9 . A similar trend is observed for
he M O /M C ratio. In particular, models with α = 0 . 01 (depicted by
ashed lines) yield considerably higher mass ratios in all scenarios.
t an accretion rate of ṁ = 10 9 , the ratios of M N /M C and M O /M C 

ould be increased by up to 5–7 orders of magnitude. It is worth
entioning that for all models with accretion rates below ṁ = 10 7 ,
NRAS 535, 3050–3058 (2024) 
he carbon burning in the AMS disc has a negligible impact on the
ine ratios. 

Previous research conducted by Wang et al. ( 2023 ) focused on
tudying how AMSs evolve in terms of population to generate metals,
here the AMS is postulated to include a stellar component. This
rocess involves metals being created through supernova explosions.
n our study, we suggest that the AMS comprises a BH, and through
uclear burning within the AMS disc, the ratios of M N /M C and
 O /M C could increase depending on the mass and accretion rate

f the BH. As carbon-depleted gas is expelled through outflows,
ariations in the mass ratio may manifest in the observed line ratios
nd resultant observed line-indicated metallicity. 

 DI SCUSSI ON  A N D  C O N C L U D I N G  R E M A R K S  

e have considered a stellar mass black hole embedded within an
GN disc, and studied the nuclear burning in the fast accretion
isc onto this black hole. The structures of the accretion discs with
ddington ratio around ṁ ∼ 10 6 –10 9 have been solved. A number
f conclusions can be drawn. 

(i) For an accretion rate ṁ ≥ 10 6 , the mid-plane temperature in the
nner region of the disc has already surpassed the thresholds required
or nuclear burning. As the accretion rate increases, the importance of
uclear burning in the heating process also grows. This significance
ecomes more pronounced for lower viscosity values denoted by α
nd for less massive black hole mass. 

(ii) The disc remains stable against the thermal and secular
nstabilities due to advection cooling counteracting the effects of
uclear heating. The lack of a solid surface around a black hole
revents an excessive accumulation of mass in the inner disc
egion. 
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Figure 5. The relative ratios for the cumulative metal mass distribution 
within 100 r g . The upper panel illustrates the ratio of enclosed nitrogen mass 
to carbon mass as a function of accretion rates, while the lower panels depict 
the ratio of oxygen to carbon. 
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(iii) Findings from nucleosynthesis point to significant burning of 
2 C and 3 He, especially in the context of black holes with masses
round 10 M � and accretion rates exceeding about ∼10 7 times the 
ddington rate. The ejection of carbon-depleted gas via outflows may 

ead to a rise in the mass ratio of oxygen or nitrogen to carbon. This
hange could be reflected in the observed line ratios like N V /C IV

nd O IV /C IV . Consequently, these ele v ated spectral line ratios could
e interpreted as indications of supersolar metallicity in the BLR. 

The ratio of ultraviolet Fe II /Mg II in the BLR exhibits minimal
osmic evolution, possibly due to star formation occurring within 
he AGN nuclear region (Shin et al. 2017 ; Sarkar et al. 2021 ).
he temperature threshold for Fe production is approximately 
3 × 10 9 K, which remains too high for our current models (Prialnik

009 ). Although our models indicate partial depletion of Mg with 
 = 10 M � (left-hand panel of Fig. 4 ), this could lead to an increase

n the Fe/Mg ratio. Ho we ver, because of the limited range of
arameters, it is unlikely that AMS disc nuclear burning alone can 
xplain all observed Fe/Mg lines. 

The star formation models to explain the supersolar metallicity 
equire a quite high star formation rate (Wang et al. 2023 ). Estimating
tar formation rates directly from observations in such dense regions 
emains a challenge. Numerical simulations suggest that the actual 
tar formation rate may not be as high as anticipated (Hopkins 
t al. 2024 ). This raises questions about the sole contribution of
tar formation to metal enrichment in the BLR. Nevertheless, if we
onsider the enrichment of depleted C or Mg gas from AMS nuclear
urning disc, the required star formation rate could be lowered. 
urely, a thorough investigation into the stellar population within 

he AGN disc is crucial to comprehend the impact of AMS on BLR
etallicity (Wang et al. 2023 ; Chen & Lin 2024 ). 
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