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A B S T R A C T 

This paper investigates the accretion of neutron stars (NSs) in active galactic nucleus (AGN) accretion discs. We classify 

potential accretion modes of NSs in AGN discs, proposing a hierarchical model of NS accretion: accretion flow from the 
Bondi sphere to accretion columns. The accretion of NSs in AGN discs differs from that of BHs, especially within the scale 
of the NS’s magnetosphere due to its hard surface and magnetic field. As the accretion flow approaches the magnetosphere, 
the magnetic fields guide the accretion flow to form accretion columns, primarily dominated by neutrinos. While neutrinos 
generated from single NS accretion may not have observable effects, considering the all-sk y background, the y contribute to the 
neutrino background in the sub-MeV energy range comparable to that of supernova explosions. NS accretion may also lead 

to the generation of mass quadrupole moments, consequently generating gravitational waves (GWs). The GWs, which exhibit 
characteristic effects like periodic modulations and echoes, could be observed by third-generation GW detectors. The emission of 
neutrinos and GWs carries away energy and angular momentum brought by accretion, reducing the feedback effect on the AGN 

disc. This results in an exceptionally high NS accretion rate, leading to a collapse time-scale shorter than the migration-merge 
time-scale, making it less likely that binary NS mergers originate from AGN discs. 

Key words: accretion, accretion discs – gra vitational wa ves – neutrinos – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

ompact objects, including neutron stars (NSs), are believed to exist
n the accretion discs of active galactic nuclei (AGNs) (Cheng &

ang 1999 ; Zhu et al. 2021 ), with a predicted high rate of NS–NS
black hloe (BH), white dwarf (WD)) mergers (McKernan, Ford &
’Shaughnessy 2020 ). While, in the high-density gas environment of
GN accretion discs, NSs are also prone to accrete and exceed their
ritical mass, leading to collapse (Perna et al. 2021 ). Nevertheless,
he accretion mechanism of NSs in AGN discs has not been well
tudied. As a result, there is significant uncertainty about the lifetime
f NSs in AGN discs, as well as the merger rate of binaries involving
Ss. Observationally, the origins of gravitational wave (GW) sources

nvolving NSs (Abbott et al. 2017 , 2021 ) and low-mass gap compact
bjects ( ̈Ozel et al. 2012 ; Abbott et al. 2020a , b ) are uncertain. What
re the observational effects of hyper-Eddington accretion in NSs and
ow crucial are their production of neutrinos (Zel’do vich, Ivano va
 Nadezhin 1972 ; Ruffini & Wilson 1973 ) in neutrino astronomy?
hese profound questions, which encompass multiple messengers in
xtreme environments, are all intertwined with the accretion of NSs
n AGN discs. 
 E-mail: yfyuan@ustc.edu.cn 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
Bound stars around supermassive black hole (SMBHs) can origi-
ate from nuclear star clusters (Syer, Clarke & Rees 1991 ; Tagawa,
aiman & Kocsis 2020 ). These bound stars (or compact objects

ormed through evolution) interact continuously with the AGN disc,
acilitating the exchange of angular momentum and energy between
he compact objects and the disc (Ostriker 1983 ). Consequently, the
rbits of compact objects are confined to the disc (T anaka, T akeuchi
 Ward 2002 ; Bartos et al. 2017 ; Yang et al. 2019 ; Fabj et al.

020 ). Furthermore, stars can form in the outer region of the AGN
isc ( � 10 4 R g , where R g is defined as GM SMBH /c 

2 , and G is the
ravitational constant, c is the speed of light) due to gravitational
nstability and subsequently evolve into compact objects (Stone,

etzger & Haiman 2017 ; Dittmann & Miller 2020 ; Derdzinski &
ayer 2023 ). Based on the distribution of progenitor star masses in
GN discs, a significant proportion is expected to evolve into NSs

Cantiello, Jermyn & Lin 2021 ; Dittmann, Cantiello & Jermyn 2021 ).
urthermore, massi ve stars e v olving in AGN discs may ha ve a higher
raction of magnetars, since high magnetic fields can be generated via
ynamo processes, if the rotation rates are sufficiently high (Raynaud
t al. 2020 ). And Jermyn et al. ( 2021 ) has shown that massive stars
n AGN discs indeed evolve rotating very rapidly . Typically , the
agnetic field may experience a decay process, such as Ohmic

issipation, during the accretion of NSs (Konar & Bhattacharya
997 ; Pan & Yang 2021b ). Ho we ver, it is widely observed that AGN
© 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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iscs harbour coherent magnetic fields (Silant’ev et al. 2009 ; Daly 
019 ). When NSs accrete matter from AGN discs, due to magnetic
ux conservation, the magnetic field of the NS may potentially be 
mplified during the accretion process. For NSs, the surface magnetic 
elds may play a crucial role in both spinning up and accelerating

he accretion (Pan & Yang 2021b ). 
In the environment of AGN discs, where compact objects are 

ubject to the combined effects of the disc gas and the gravitation
f central SMBHs, various ph ysical processes occur (Tag awa et al.
020 ). The orbits of compact objects undergo migration (Bellovary 
t al. 2016 ; Pan & Yang 2021a ), close encounters (Li, Lai & Rodet
022b ), collisions (Luo et al. 2023 ; Zhang et al. 2023 ), and scattering
vents (Samsing et al. 2022 ) occur among them. More particularly 
oteworthy phenomenon is accretion. Generally, the accretion pattern 
f compact objects in AGN discs exhibits an outer spherical and 
nner disc-like structure (Wang et al. 2021 ). Namely, at scales of the
ondi radius, accretion is nearly spherically symmetric, but within 
–2 orders of magnitude closer to the compact objects, the material 
ircularizes to form an accretion disc (circum-CO disc) due to the 
ifferential rotation of the AGN discs (Pan & Yang 2021b ). The
ircum-CO disc is dominated by outflows, and the feedback from 

hese outflows on the gas in the AGN disc leads to intermittent
ccretion of compact objects (Wang et al. 2021 ; Chen, Ren & Dai
023 ). Therefore, the average accretion rate of compact objects in 
he AGN disc is determined by the instantaneous accretion rate and 
he duty c ycle. Nev ertheless, in the en vironment of A GN discs, both
he instantaneous and average accretion rates of compact objects far 
xceed the Eddington accretion rate. 

The accretion of NSs in AGN discs differs from that of BHs,
specially within the scale of the NS’s magnetosphere due to its hard
urface and magnetic field (Shapiro & Teukolsky 2008 ). The small
adius and hard surface of a NS result in a mass-energy conversion
fficiency during accretion that is about three times higher than 
hat of a non-rotating BH. Under relatively high accretion rates, 
eutrinos may be emitted due to the production of positron–electron 
airs (Zel’dovich et al. 1972 ; Ruffini & Wilson 1973 ; Houck &
he v alier 1991 ; Che v alier 1995 ). The strong magnetic field truncates

he inner radius of the circum-NS disc, leading to a reduction in
utflow feedback compared to BHs and an increase in net inflow rate
Chen et al. 2023 ). Furthermore, the magnetic field guides accreted 
aterial towards the polar cap region of the NS (Shapiro & Teukolsky 

008 ). This leads to a high accretion rate concentrated in relatively
mall areas. As a result, the polar cap is more prone to becoming
xtremely hot, which leads to a lower critical accretion rate for
eutrino production (Mushtukov et al. 2018 ; Mushtukov, Ognev 
 Nagirner 2019 ). Neutrinos carry away a significant amount of

nergy, imposing an upper limit on electromagnetic radiation ( ∼
ddington luminosity) (Basko & Sun yaev 1976 ; Mushtuko v et al.
018 ). Therefore, this part of electromagnetic radiation feedback 
n the AGN disc (compared to outflow feedback from the circum- 
S disc) can be ne glected, as e xcess energy is carried away by
eutrinos. 
Moreo v er, under high accretion rates, NSs may drive the growth

f a mass quadrupolar deformation, releasing GWs. Plausible mech- 
nisms that may be at work include the creation of a ‘mountain’
i.e. any kind of non-axisymmetric deformation that gives rise to 
 mass quadrupole) supported by the elastic crust (Bildsten 1998 ; 
shomirsky, Cutler & Bildsten 2000 ) or by magnetically supported 
ountains (Melatos & Payne 2005 ; Haskell et al. 2015 ) and unstable
odes of oscillation of the star (Andersson 1998 ; Andersson, 
okkotas & Stergioulas 1999 ). Ho we ver, current studies of NS
ccretion in AGN discs have not taken into account the production 
f neutrinos or GWs. This directly impacts the accretion rate and
lectromagnetic feedback, as they play crucial roles in the energy 
nd angular momentum transfer during NS accretion. Additionally, 
his may lead to distinctive multimessenger observational effects, 
roviding potential methods to verify the existence of compact 
bjects in AGN discs. 
The accretion rate of NSs in AGN discs further dictates the lifespan 

f NSs, thereby influencing the binary NS merger rate. The location
n GW events of binary NS mergers, as well as the composition and
ormation mechanism of low-mass gap compact objects, remain to 
e determined. There is speculation that they may originate from 

GN discs (Yang et al. 2020 ; Perna et al. 2021 ; Tagawa et al. 2021 ;
an, Lyu & Yang 2022 ). Zhu et al. ( 2021 ) and Kathirgamaraju et al.
 2023 ) examined the phenomenon of binary NS mergers in AGN
iscs. Perna et al. ( 2021 ) also calculated that the NS merger rate in
GN discs could reach ∼ 0 . 1 − 5 Gpc −3 yr −1 , assuming the accretion

ate of NSs is at the Eddington rate. Ho we ver, these studies did
ot rigorously consider the impact of NS accretion. Additionally, 
f NSs can form binaries in AGN discs and their merger rates are
ignificant (e.g. BH mergers in AGN discs may constitute up to

80 per cent of the total merger rate of BHs; Ford & McKernan
022 ), then a substantial total merger rate of NSs should be expected.
o we ver, as of no w, ground-based GW observ atories have detected
early 200 GW sources (see the Gra vitational-Wa v e Candidate Ev ent
atabase; LIGO 2024 ), yet fewer than 1/10 of them are likely
inary NS or NS-BH merger events, with the rest being binary
H merger events. Therefore, it is necessary to take into account

he correct accretion rate in order to determine whether NSs in
GN discs are primarily driven by accretion-induced collapse or 
ergers. 
This study aims to explore how NSs accreting in AGN discs,

aking into account the impact of neutrinos and GWs production. 
t seeks to determine the accretion rate, and discuss potential 
bservable multimessenger signals. The structure of this paper is 
s follows: In Section 2 , the model of NS accretion in AGN discs is
rovided. Accretion behaviour at three different scales is discussed, 
ith emphasis on the necessity and significance of multimessenger 

mission in NS accretion. Building on this model, Section 3 delves
nto the neutrino production during NS accretion and its potentially 
bserv ational ef fects. Section 4 addresses the impact of NS accretion
n GW signals, specifically encompassing GWs generated by NS 

otation and those from binary NS mergers. Section 5 discusses the
imitations of this study and provides prospects for further research. 
inally, Section 6 concludes the paper. 
Unless specified otherwise, tilde variables denote quantities of 

GN discs distinct from variables associated with the NS and circum- 
S disc. The convention of Q x = Q/ 10 x in cgs units are used.
he standard � CDM cosmology, with �m 

= 0 . 315, �� 

= 0 . 685,
nd H 0 = 67 . 4 km s −1 Mpc −1 (Planck Collaboration VI 2020 ), is
dopted. 

 AC C R E T I O N  M O D E L S  AT  DI FFERENT  

CALES  

n this section, we aim to demonstrate a hierarchical pattern in the
ccretion behaviour of NSs in AGN discs, as illustrated in Fig. 1 .
he following subsections will address models at various scales. 

.1 Bondi scale 

he standard disc model (Shakura & Sunyaev 1973 ) summarized in
ato et al. ( 2008 ) is chosen to describe the AGN disc, this model is
MNRAS 532, 1330–1344 (2024) 
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Figure 1. Schematic illustration of NS accretion in an AGN disc. Upper diagram: Accretion schematic at the Bondi Scale. Light orange indicates the inner 
region of the modified Bondi radius, while the dark orange represents the outflow region, which initially borders the circularization radius. The formation of 
the circum-NS disc within the circularization radius is depicted in blue. Lower right diagram: Zoomed-in illustration of the circum-NS disc and inside. The 
circum-NS disc is dominated by wind, with its outer radius denoted as the circularization radius ( r cir ) and inner radius as the magnetosphere radius ( r m 

). The 
magnetic field guides accreted material to form accretion columns in the polar cap regions of the NS, depicted in green. The accreting NS may emit GWs, 
represented by the gre y wav e lines. Lower left diagram: Zoomed-in illustration of the accretion column. Blue denotes the photon-trapping region, while red 
represents the neutrino-emission dominated region. As the accretion rate increases, both the photon-trapping region and the neutrino-emission region will expand 
upwards, potentially disrupting the base of the hollow accretion column, which may then partially fill the centre-walled area and eventually form a solid column. 
Note that this diagram only shows the hollow accretion column, whereas the solid column with a cylindrical shape is not shown here. 
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kin to the one described in Sirko & Goodman ( 2003 ). This model
ncludes both radiation and gas pressure, both Thompson and free–
ree opacity, and the effect of viscosity proportional to total pressure.
ut it does not include disc self-gravity. We expect this disc model

o be a closer description of the inner parts ( � 10 4 R g ) of AGN discs
n nature, while it may be inaccurate in the outer regions due to disc
elf-gravity, which leads to more complicated accretion processes
nd lacks a generally agreed-upon model. Therefore, our numerical
alculations for AGN discs are within 2 × 10 4 R g . The fiducial
arameters chosen in our computations include an accretion rate
f Ṁ = 0 . 1 Ṁ Edd and a viscosity of ˜ α = 0 . 1, where Ṁ Edd represents
he Eddington rate. Because different SMBH masses and viscosity
re the primary factors influencing the properties of AGN discs,
nd consequently, the accretion physics of NSs in it, AGN discs with
arying SMBH masses and viscosity coefficients are also considered.
or simplicity, a uniform density profile with a middle plane density

˜ 0 is approximately adopted for vertical height ˜ Z less than the disc
cale height ˜ H since the density decreases rapidly at ˜ Z > 

˜ H for a
isc with an exponentially decaying density profile (Netzer 2013 ).
he correction of star accretion in AGN discs with vertical structure
an be referred to in Mac Low & McCray ( 1988 ), Dittmann et al.
 2021 ), and Tagawa et al. ( 2022 ). The fiducial NS with a mass of
.4 M � and a radius of 13 km is chosen. For different masses of NS,
he volume–mass relation of a degenerate star, m ns r 

3 
ns = const. , is

aintained, where m ns is the mass and r ns is the radius of the NS. In
his study, the Eddington accretion rate, denoted as 

˙  Edd = 

4 πGm ns m p 

0 . 1 σT c 
≈ 9 . 8 × 10 17 

(
m ns 

1 . 4M �

)
g s −1 , (1) 
NRAS 532, 1330–1344 (2024) 
s e xtensiv ely used as the unit for accretion rates, where m p is the
roton mass and σT is the Thomson cross-section. 
Given the AGN disc model, which specifies the physical properties

f the AGN disc, with a NS embedded at a distance ˜ R from the
MBH, we first examine the accretion behaviour of the NS on larger
cales, namely the Bondi scale. Typically, accretion onto a star in
niform density gas is described by Bondi–Hoyle–Lyttleton (BHL)
ccretion (e.g. Shapiro & Teukolsky 2008 ). The BHL accretion radius
s given by: 

 BHL = 

Gm ns (
v 2 rel + ˜ c 2 s 

) ; (2) 

nd the BHL accretion rate is: 

˙  BHL = 

4 πG 

2 m 

2 
ns ̃  ρ0 (

v 2 rel + ˜ c 2 s 

)3 / 2 . (3) 

ere, v rel is the relativ e v elocity between the NS and the surrounding
as, and ˜ c s is the local sound speed of the AGN gas. The relative
elocity is estimated as: 

 rel = 

1 

2 
˜ �K r rel , (4) 

here ˜ �K is the Keplerian angular velocity of the AGN disc, and
 rel is the modified Bondi radius. Ho we ver, The accretion of the NS
n AGN discs at the Bondi scale is not only determined by the BHL
ccretion rate, but also affected by the central SMBH tidal force and
he thickness of the AGN disc. Therefore, the modified Bondi radius,
epresenting the radius of the accretion cylinder, is given by: 

 rel = min { r BHL , r Hill } , (5) 
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Figure 2. The left panel displays different radius scales varying with AGN disc radii ˜ R in the fiducial model. The Bondi scale (equation 5 ), circularization 
radius, and magnetosphere radii are represented by blue, yellow, and purple curv es, respectiv ely . Additionally , the shades of purple, ranging from dark to light, 
correspond to magnetosphere radii with varying magnetic field strengths, from strong to weak. The right panel displays accretion rates at different scales varying 
with AGN disc radii the fiducial model. The blue curve represents the accretion rate at the Bondi scale (equation 6 ), while the purple curve denotes the accretion 
rate at the magnetosphere, with darker shades indicating stronger magnetic fields and lighter shades indicating weaker ones. In this study, the fiducial parameters 
consist of: M SMBH = 10 8 M �, ˜ α = 0 . 1, Ṁ = 0 . 1 Ṁ Edd , m ns = 1 . 4M �, r ns = 13 km, and s = 0 . 5 in equation ( 10 ). 
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here the Hill radius is defined as r Hill = ( m ns / 3 M SMBH ) 
1 / 3 ˜ R . The 

orresponding modified Bondi accretion rate is denoted as (Pan & 

ang 2021b ): 

˙  rel = min { 1 , 
˜ H 

r Hill 
} × min { 1 , r Hill 

r BHL 
} × ṁ BHL , (6) 

hich represents the correct inflow rate at the Bondi scale. 
The blue curves in Fig. 2 depict the modified Bondi radii and

he corresponding modified Bondi accretion rates at different AGN 

adial positions in the fiducial model. Overall, the accretion rates of
Ss at the Bondi scale are strikingly high, � 10 5 ṁ Edd and spanning

bout three orders of magnitude. The accretion flow at this scale is
pproximately radially infalling, but as the accreted material mo v es 
nward, it gradually undergoes circularization due to differential 
otation of the AGN disc. 

.2 Circum-NS disc 

he accreted material gradually undergoes circularization, forming 
 circum-NS disc. The circularization radius, r cir , can be estimated 
ased on angular momentum conservation using 

( Gm ns r cir ) 
1 
2 = v rel ( r rel ) r rel . (7) 

he outer radius of the circum-NS disc corresponds to the cir-
ularization radius, with an accretion rate at the outer boundary 
qual to the modified Bondi accretion rate ṁ rel . This implies a 
easonable assumption that there is no outflow loss between r rel 

nd the circularization radius r cir . The circularization radius in the 
ducial model is depicted by the yellow curve in Fig. 2 . Typically,

t is smaller by 1–2 orders of magnitude compared to the modified
ondi radius. Ho we v er, in the inner re gion of the AGN disc, the
ircularization radius undergoes a sharp reduction. This is because 
n the inner region of the AGN disc, the sound speed ˜ c s increases
harply, resulting in a decrease in r rel , subsequently leading to a
ignificant reduction in r cir , as supported by equations ( 2 ) and ( 7 ). 

It’s worth noting that although the accretion rate of the circum-NS 

isc is very high, it is still insufficient to trigger neutrino emission.
he critical accretion rate for neutrino-dominated disc accretion can 
e estimated as (Che v alier 1996 ) 

˙  cn = max { ̇m cn1 , ṁ cn2 } , (8) 

here 

˙  cn1 = 23 . 0 β−0 . 22 
1 

(
κ

0 . 2 cm 

2 g −1 

)−0 . 73 

×
(

n ns 

1 . 4M �

)−0 . 03 

×
( r cir 

10 10 cm 

)1 . 08 
M �yr −1 , (9a) 

˙  cn2 = 8 . 2 × 10 11 β−0 . 80 
1 

( r rel 

10 11 cm 

)−2 . 70 

×
(

n ns 

1 . 4M �

)−0 . 10 

×
( r cir 

10 10 cm 

)4 . 0 
M �yr −1 , (9b) 

ith β1 of the order of unity and a gas opacity κ ≈ 0 . 34 cm 

2 g −1 . In
bo v e equations, ṁ cn1 sets the condition for the shock radius of the
isc equating the photon trapping radius, and ṁ cn2 sets the condition 
or the shock radius of the disc equating the modified Bondi radius
 rel . Fig. 3 compares the estimated Bondi accretion rate with the
ritical accretion rate for neutrino-dominated disc accretion. It can 
e observed that the circum-NS disc is far from capable of generating
eutrinos. 
Actually, hyper-Eddington accretion in the circum-NS disc is 

ominated by outflows. The relationship between the inflow rate and 
he radius of the circum-NS disc is assumed to be (e.g. Blandford &
egelman 1999 ; Chen et al. 2023 ) 

˙  in ( r) = ṁ cir ( r/r cir ) 
s , (10) 

here s is a free parameter lying in 0 < s � 1, and s = 0 . 5 is the
ducial parameter in this work. As this scale is primarily feedback
y outflows, it directly impacts the inflow rate and feedback strength
o AGN disc, consequently influencing the merger rate of NSs in the
GN disc. Although the circum-NS disc cannot produce neutrinos, 
hen the NS accretion approaches spherical symmetry, or when 

t undergoes column accretion under the influence of magnetic 
elds, it significantly reduces the critical accretion rate for neutrino 
roduction. 
MNRAS 532, 1330–1344 (2024) 
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Figure 3. Comparison between the accretion rate at the outer boundary of 
the circum-NS disc and the critical accretion rate for neutrino-dominated 
discs. The accretion rate at the outer boundary of the circum-NS disc is the 
modified Bondi accretion rate, which is identical to the one in Fig. 2 . 
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.3 Inner the magnetosphere 

he accretion of NSs in AGN discs exhibits unique characteristics
ithin the magnetosphere of NS. There are two notable factors: the
agnetic field and the solid surface of the NS. The magnetic field

f the NS is commonly assumed to be dipolar. The inner radius of
he circum-NS disc is determined by the strength of the magnetic
eld. When the gas pressure within the circum-NS disc exceeds the
agnetic pressure, the magnetic field truncates the circum-NS disc

t the magnetosphere radius r m 

, the so-called Alfv ́e n radius. 1 Hence,
he inner radius of the circum-NS disc is determined by 

B( r m 

) 2 

8 π
= ρ( r m 

) v( r m 

) 2 . (11) 

s a qualitative estimate, assume steady, transonic flow at nearly
ree-fall velocity (Shapiro & Teukolsky 2008 ) 

( r) = 

(
Gm ns 

r 

) 1 
2 

, (12a) 

( r ) = 

ṁ in ( r ) 

4 πvr 2 
. (12b) 

ubstituting equation ( 10 ), the inner radius of the circum-NS disc
an be estimated as 

 m 

= 

(
B 

4 
0 r 

12 
ns r 

2 s 
cir 

Gm ns ṁ 

2 
rel 

) 1 
7 + 2 s 

, (13) 

here B 0 is the dipole magnetic field strength at NS surface.
herefore, the accretion rate reaching the surface of the NS is denoted
s ṁ = ṁ in ( r m 

), assuming no outflows from the inner radius of the
ircum-NS disc to the surface of the NS due to the magnetic field. 

In Fig. 2 , in addition to providing r rel and r cir (outer radius of
he circum-NS disc) as well as ṁ rel (accretion rate at the outer
adius), it also gives the inner radius of the circum-NS disc and its
orresponding accretion rate for different magnetic field strengths.
verall, the computed results support the hierarchical accretion
NRAS 532, 1330–1344 (2024) 

 Note that in some studies, the magnetospheric radius where the accretion 
ow is truncated is not exactly equal to the Alfv ́e n radius where the gas 
ressure equals the magnetic pressure; the two may differ by a factor of the 
rder of unity. 

e  

n  

r  

a  

f  

g

attern depicted in Fig. 1 . Usually, inwards from the modified Bondi
adius, matter is gradually circularized to form the circum-NS disc,
nd it is only further inwards that truncation of the inner radius occurs,
.e. r cir > r m 

. Ho we ver, in the inner region of the AGN disc, r cir < r m 

,
ndicating that the accretion flow is truncated by the magnetic field
efore circularization. In this pattern, nearly spherically accretion
re v ails beyond the magnetosphere, and the component of the
ircum-NS disc depicted in Fig. 1 disappears. This nearly spherical
ccretion flow, guided by the magnetic field, forms a solid accretion
olumn (i.e. flow filling the whole column) abo v e the polar cap of the
S, whereas accretion with a circum-NS disc leads to a hollow accre-

ion column (i.e. a thin sidewall) as shown in Fig. 1 . Fig. 4 presents the
arious scale radii and accretion rates for different parameters relative
o the fiducial model, qualitatively resembling the fiducial model.
n summary, for the majority of cases, the hierarchical model in
ig. 1 is supported, and the accretion rate at the inner radius remains
yper-Eddington. 

Due to its hard surface, NSs can achieve high mass-energy conver-
ion efficiencies. As an example, for the fiducial NS ( m ns = 1 . 4 M �
nd r ns = 13km), it can reach an efficiency given by: 

= 1 −
(

1 − 2 Gm ns 

r ns c 2 

) 1 
2 

≈ 17 . 4 per cent , (14) 

ssuming the space–time outside the NS surface is Schwarzschild
pace–time. This efficiency is slightly modified compared to the
fficiency of approximately 15.9 per cent in Newtonian space–time.
 or comparison, the efficienc y of nuclear fusion only reaches up to
.7 per cent and for a Schwarzschild Black hole it is up to 5.7 per cent.
f the accretion material is ionized hydrogen, and all gravitational
otential energy is converted into internal energy in the accretion
olumn without loss, it has: 

m p c 
2 = 2 × 3 

2 
k B T , (15) 

here k B is the Boltzmann constant. An extremely high temperature
an result at the base of the column due to the exceedingly high
ass accretion rate, with T ≈ 6 . 3 × 10 11 K ≈ 54 MeV, consequently

eading to energy losses due to neutrino emission. Because neutrinos
ak e aw ay some of the energy, the temperature does not get that
igh in reality. The primary mechanism for neutrino production is
he annihilation of electron–positron pairs. Additionally, there are
ontributions from bremsstrahlung, plasmon decay, photoneutrinos,
nd synchrotron neutrino production (Bernal, Lee & Page 2010 ).
o we ver, their contributions are not significant when compared to

he annihilation of pairs (Mushtukov et al. 2018 ); and the magnetic
eld has a minor correction to the neutrino production rate from the
nnihilation of pairs (Kaminker et al. 1992 ). 

The neutrino luminosity can be calculated by counting the portion
f photons trapped in the advection-dominated accretion column.
his is approximated as (Asthana et al. 2023 ) 

 ν ≈ 0 . 64 ηṁ c 2 arctan 

(
ηṁ c 2 

8 × 10 40 erg s −1 

)
. (16) 

hen L ν exceeds half of ηṁ c 2 , it is considered neutrino-dominated
ccretion. The critical accretion rate for neutrino-dominated colum-
ar accretion is thus ṁ cn ∼ 500 ̇m Edd . Obviously, this condition is
asily met for accretion onto NSs in AGN discs. Additionally, the
on-axisymmetric accretion, as well as the asymmetry in nuclear
eactions of the accreted material, results in the NS’s crust possessing
 mass quadrupole. Moreo v er, the magnetic field may contribute
urther to the asymmetry of the mass quadrupole, leading to the
eneration of GWs. 
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Figure 4. Accretion scales and rates of NSs in AGN discs for parameters different from the fiducial model are depicted. The top row displays various radius 
scales, while the bottom row illustrates accretion rates corresponding to these different scales. In the panels from left to right, the parameters are only altered 
as M SMBH = 10 7 M �, M SMBH = 10 9 M �, and ˜ α = 0 . 01, respectively, while the remaining parameters remain consistent with the fiducial model. Each curve 
corresponds to the same description as in Fig. 2 . 
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In short, high accretion rates, combined with efficient energy 
onversion and the formation of an accretion column, can trigger 
eutrino production, as well as potentially lead to the generation 
f GWs. Due to the substantial optical depth of AGNs, significant 
bserv able ef fects from electromagnetic radiation may be scarce (see 
ore in Section 5 and the supplementary material). Ho we ver, scales
ithin the magnetosphere could produce multimessenger signals, 
otentially resulting in observable effects of the presence of NSs in 
GN discs. 

 O N  T H E  RO LES  O F  N E U T R I N O S  

.1 Classification of accretion 

e have studied the accretion of NSs in AGN discs with the
ierarchical pattern shown in Fig. 1 , which is generally consistent 
n AGN discs. Ho we ver, the AGN disc environment co v ers a wide
ange of possible parameters, and different magnetic fields, angular 
omenta, and accretion rates may result in slight variations or reveal 
ore detailed features in the NS accretion pattern. In this section, a
ore comprehensive classification of NS accretion in AGN discs is 

rovided, with a particular focus on the production of neutrinos. 
Fig. 5 classifies possible accretion scenarios and neutrino pro- 

uction based on angular momentum, magnetic field, and accretion 
ate. It is divided into two major categories. When the accreted 
atter has enough angular momentum to form a circum-NS disc, 

ccretion exhibits three hierarchical modes. Ho we ver, when the 
ngular momentum of the accreted matter is insufficient, the circum- 
S disc disappears, and the accretion remains nearly spherical until 

t reaches the magnetic layer or the NS surface. The red boxes in
he last column of the Fig. 5 indicate cases of neutrino-dominated 
ccretion, while the green boxes represent situations where neutrinos 
re not significantly generated. It is worth noting that in the case of
Disc accretion–Weak magnetic field – ṁ � ṁ cn ’, a green box is 
sed to indicate that significant neutrino emission is not expected. 
o we ver, neutrino-cooled accretion may occur in a non-steady 
anner (Che v alier 1996 ). Furthermore, ṁ crit ( B, S) and ṁ cn are not

onstant values. The critical accretion rate ṁ crit ( B, S) that disrupts
he column bottom depends not only on the magnetic field but also on
hether a circum-NS disc is present (i.e. different cross section S),

s detailed in equation ( 19 ). On the other hand, the critical accretion
MNRAS 532, 1330–1344 (2024) 
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ate for neutrino-dominated accretion, denoted as ṁ cn , is determined
y how the accretion flow reaches the NS surface. It is categorized
nto three groups: spherical accretion with ṁ cn � 10 4 ṁ Edd (Che v alier
989 ); disc accretion, where ṁ cn significantly exceeds the accretion
ate in AGN discs; and accretion column with ṁ cn ∼ 500 ̇m Edd . 

Considering the specific circumstances of AGN discs, in Fig. 5 ,
e do not just simply list all possible cases of NS accretion found

n the literature. For instance, the scenario of ‘Disc accretion–
eak magnetic field – ṁ � ṁ cn ’ has not been included because,

s depicted in Fig. 3 , this situation is not feasible in AGN discs;
t is only likely to occur in cases of higher accretion rates during
upernova fallback accretion (Chevalier 1996 ). Additionally, the
ase of ṁ � ṁ cn under strong magnetic fields (column accretion
 500 ̇m Edd , with no significant neutrino production) has not been

isted because the likelihood of this occurring in AGN discs is very
o w, as sho wn in Figs 2 and 4 . Ne vertheless, this scenario could still

anifest during intermittent accretion when a cavity formed. 
Accretion patterns vary at different radii of AGN discs. In the inner

egions of AGN discs, owing to the higher sound speed, accretion
ypically exhibits spherically symmetric characteristics, whereas in
he outer regions of AGN discs, a circum-NS disc is generally formed.
he accretion rate reaching the NS is relatively low in both the
ery inner and outer regions, usually peaking around ∼ 100 R g . In
ummary, with very few exceptions, accretion of NSs in AGN discs
s dominated by neutrino emission. 

.2 Column bottom destruction and neutrino energy spectrum 

et’s delve into more details, starting with the column on accretion,
egarding the general case. When the accretion rate exceeds the
ritical accretion rate of � 500 ̇m Edd , the electromagnetic luminosity
roduced by the accretion column reaches its peak value, which is
 L Edd (Basko & Sunyaev 1976 ; Mushtukov et al. 2018 ). Although

he peak luminosity is highly sensitive to the accretion geometry
nd can surpass the Eddington luminosity L Edd , it remains negli-
ible compared to the gravitational potential energy released from
ccretion. This is because when the accretion rate far exceeds the
ddington limit, the accretion column becomes optically thick to

he generated photons, causing the majority of them to be unable
o escape laterally. Instead, they are advected along with the matter
nd trapped at the base of the column, resulting in a significantly
igher radiation energy density and temperatures. At sufficiently
igh temperatures, energy losses due to neutrino emission become
ore ef fecti ve than those through photons. In strong magnetic fields,

eutrino emission carries away all the excess energy flux. 
The scale height of the accretion column is characterized by the

osition of the shock in it. The shock rises upwards with increasing
ccretion rate until it either (i) reaches the Alfv ́e n surface, or (ii) the
am pressure of the accreting flow approaches the magnetic pressure
t the stellar surface (Basko & Sunyaev 1976 ). In other words, when
he accretion rate increases, the bottom of accretion column may be
isrupted. Given a number density of proton at column bottom n p ,
he critical temperature T crit ( B, S) for disruption can be solved from 

 tot ( S, B, T ) < P crit ( B, T ) , (17) 

here 

 crit ≈ 3 × 10 23 S 
1 / 2 
10 B 

2 
12 T 

−1 
10 erg cm 

−3 , (18a) 

 tot = P gas + P rad = nk B T + 

1 

3 
aT 4 , (18b) 

re the critical pressure for column disrupted (Bildsten & Brown
997 ) and the total pressure, respectively. Here, S is the cross-
NRAS 532, 1330–1344 (2024) 
ection of accretion column, n is the massive particle number
ensity n = n p + n + 

+ n −, and a is the radiation constant. For a
ollow accretion column, S ∼ 10 10 cm 

2 , and for a solid accretion
olumn, S ∼ 10 12 cm 

2 . It is worth noting that T crit is insensitive
o n p , and n p = 5 . 98 × 10 29 cm 

−3 (i.e. ρ = 10 6 g cm 

−3 ) is chosen
or calculation. The number densities of electrons and positrons
 ∓( T , B) in the equilibrium can be determined by integrating the

ongitudinal momentum distribution function and summing o v er
ll Landau levels (e.g. Kaminker et al. 1992 ; Harding & Lai
006 ; Mushtukov et al. 2018 ). We calculate n ∓ numerically under
he assumption of completely ionized hydrogen plasma following

ushtukov et al. ( 2018 ). The height of the region where neutrinos are
roduced does not exceed the scale height of the accretion column,
hich is within the magnetosphere. Therefore, the upper limit of

ccretion rate ṁ crit can be got from 

 m 

( B, ṁ ) SQ 

−
ν ( T crit ) � 

ηṁ c 2 

2 
, (19) 

here energy losing rate due to pairs annihilation can be estimated
s 

 

−
ν ∼ 4 × 10 24 T 9 10 erg cm 

−3 s −1 (20) 

or the temperature range T � 10 9 K and magnetic field strength
ange B � 10 15 G (Kaminker et al. 1994 ). 

As shown in Fig. 6 , in AGN discs, NS accretion can easily disrupt
he bottom of a hollow accretion column if B � 5 × 10 13 G. Once the
ottom of the hollow column is disrupted, the material flow spreads
eyond the constraints of the column wall, partially filling the hollow
olumn and asymptotically forming a solid one. The destruction of
he solid accretion column bottom in NS accretion in AGN discs
s challenging due to its larger cross section ( S) and higher critical
ressure ( P crit ), as indicated by equations (18) and ( 19 ). For the same
eason, in the case of absence of the circum-NS disc in the inner
egion of AGN disc, the initially formed solid column is insufficient
o be disrupted. 
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Table 1. Critical temperature and accretion rate leading to the disruption of 
the bottoms of hollow columns ( S ∼ 10 10 cm 

2 ) under varying dipole magnetic 
field strengths of a NS. 

B(G) 10 13 5 × 10 13 10 14 2 × 10 14 

T crit (K) 9 . 43 × 10 9 1 . 76 × 10 10 2 . 32 × 10 10 3 . 05 × 10 10 

ṁ crit ( ̇m Edd ) 1 . 82 × 10 4 2 . 93 × 10 6 2 . 76 × 10 7 2 . 55 × 10 8 
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Figure 7. Normalized neutrino energy spectra (solid line) and average energy 
(dot-dashed line) produced by NS accretion observed by a distant observer. 
Different colours correspond to various temperatures of the hot plasma at the 
neutrino generation location. 
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Table 1 provides examples of the critical temperature and critical 
ccretion rate for spreading o v er the NS surface at the bottom of
ollow accretion columns corresponding to different magnetic field 
trengths. It can be observed that the critical accretion rate for
hese columns is sensitive to the magnetic field, while the critical 
emperature is less affected by it. The critical temperature at the 
ottom of the column is generally maintained at around 1 MeV, with
 narrow distribution, as the neutrino emission rate is highly sensitive 
o temperature, as given by equation ( 20 ). Lower temperatures would
equire a significantly larger neutrino emission region beyond the 
ross section of the accretion column. On the other hand, assuming
igher temperatures would disrupt the bottom of the column, leading 
o an increase in the column cross section. Consequently, there 
ould be an expanded neutrino emission region. This prevents 
 significant rise in temperature, contradicting the assumption of 
ncreased accretion rate leading to a significant temperature rise. 
herefore, the neutrino energy spectra is concentrated within a 
arrow energy range, with a characteristic temperature of ∼ 1 MeV 

t the position of neutrino production. 
Once the temperature is determined, the average energy and 

he spectrum of neutrinos produced can be calculated. Neutrinos 
roduced from NS accretion are characterized by the annihilation 
f electron–positron pairs, and the environment is optically thin 
o neutrinos. In this case, the normalized spectrum is given by 

isiaszek, Odrzywołek & Kutschera ( 2006 ), as 

( E ν ; 〈 E ν〉 , σ 2 
ν ) 

= 

(〈 E ν〉 2 /σ 2 
ν

)〈 E ν 〉 2 /σ 2 
ν

� 

(〈 E ν〉 2 /σ 2 
ν

) E 

〈 E ν 〉 2 /σ 2 
ν −1 

ν

〈 E ν〉 〈 E ν 〉 2 /σ 2 
ν

exp 

(
−〈 E ν〉 E ν

σ 2 
ν

)
. (21) 

ere 〈 E ν〉 ( T ) and σ 2 
ν ( T ) are the average energy of neutrinos and the

ariance of neutrino energy respectively, and it can be found in the
ables of PSNS ( 2001 ) and Misiaszek et al. ( 2006 ). Ho we ver, neu-
rinos generated near the surface of the NS experience gravitational 
edshift, leading to the observed neutrino spectrum at an infinite 
istance, given by: 

∞ 

( E ν) = (1 + z g ) φ
(
(1 + z g ) E ν

)
, (22) 

here 

 + z g = 

(
1 − 2 Gm ns 

r ns c 2 

)− 1 
2 

(23) 

s the gravitational redshift factor. Also, the average energy of 
eutrinos shifts to 〈 E ν 〉 

1 + z g 
. The key parameter of these spectra is the

emperature. As discussed abo v e, the temperature of the NS accretion
n AGN discs remains at ∼ 1 MeV. 

In Fig. 7 , spectra observed by a distant observer with temperatures
f 0 . 5 MeV, 1 MeV, and 1 . 5 MeV are provided. The corresponding
verage energies of neutrinos near the NS surface are 2 . 26 MeV,
 . 11 MeV, and 6 . 16 MeV, respectively. After gravitational redshift,
he corresponding average energies are 1 . 88 MeV, 3 . 40 MeV, and
 . 09 MeV, respectively. To first order, there are no differences
etween the spectra of different neutrino fla v ours (i.e. e, μ, τ -neutrino
a v our) (Misiaszek et al. 2006 ). These obtained spectra can be used
or the neutrino background calculations. 

.3 Neutrino background at MeV scope 

e first estimate the detectability of neutrinos produced by a single
S accretion in a nearby AGN disc using the Hyper-Kamiokande 

HK) detector. The detection rate of neutrino events depends on the
ensitivity of the detector, the distance to the neutrino source, the
uminosity of the neutrino source, and the accumulated detection 
ime. The number of events can be estimated as (Scholberg 2015 ): 

 e ν 	 

t 

4 πd 2 〈 E ν〉 
V det N A ρN σ

ν̄e p 
cc L ν

6 
, (24) 

here N A is the Avogadro’s number, ρN = 2 / 18g cm 

−3 is the
ucleons density in water (Mohapatra & Pal 2004 ), σ ν̄e p 

cc 	 9 ×
0 −44 E 

2 
ν MeV 

−2 is the cross-section (Bahcall 1989 ), and the division
y six accounts for neutrino oscillations. We e v aluate the HK with a
ater volume of V det = 560 Kton (Abe et al. 2011 ; Scholberg 2015 )

o detect a NS accretion in a nearby AGN with a distance of d ∼
Mpc. The neutrino luminosity is estimated to be L ν ∼ 2 × 10 5 L Edd ,
nd with a detection time of t = 10 yr, the expected number of events
s only N e ν ∼ 10 −3 . It is obvious that existing detectors, as well as
hose in the near future, are incapable of detecting individual events
f NS accretion in AGN discs. In fact, the energy released from
he accretion of NSs in AGN discs is predominantly carried away
y neutrinos. The estimated neutrino emission from a NS, from its
irth to collapse, is approximately ηM �c 2 ∼ 3 × 10 53 erg, which is
qui v alent to the total neutrino energy generated by a core–collapse
upernova. The reason why core–collapse supernovae are easily 
etectable is due to their rapid release of nearly all neutrinos within

10s (Kotake, Sato & Takahashi 2006 ), whereas the neutrinos 
mitted from the accretion of NSs in AGN discs occur at a much
lower rate. 

While indi vidual e vents may be challenging to detect, the neutrino
ackground produced by NS accretion in AGN discs across the entire
ky is worth exploring. Similar to the contribution of neutrinos from
upernova to the background (Horiuchi, Beacom & Dwek 2009 ; 
eacom 2010 ), the number flux of neutrinos from NS accretion in
ll-sky AGNs is estimated as 

d F ( E ν) 

d E ν

= c 

∫ 
N AGN ( z) n ns / AGN 

L ν

〈 E ν〉 φ∞ 

( E 

′ 
ν)(1 + z) 

∣∣∣ d t 

d z 

∣∣∣d z, (25) 
MNRAS 532, 1330–1344 (2024) 
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M

Figure 8. The neutrino background of all fla v ours produced by NS accretion 
in AGN discs (blue solid line). For comparison, the dif fuse supernov a neutrino 
background (yellow dashed line) of all fla v ours according to Horiuchi et al. 
( 2009 ) is also presented. 
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here E 

′ 
ν = E ν(1 + z), | d z d t | = H 0 (1 + z) 

[
�m 

(1 + z) 3 + �� 

]1 / 2 
,

nd L ν is the average neutrino luminosity taking into account the
uty cycle, as discussed in Section 4.2 . In above equation, N AGN ( z)
s the number density of AGN as a function of the cosmological
edshift z, taken as: 

 AGN ( z) = N AGN (0) e( z) , (26) 

here N AGN (0) ∼ 10 −4 Mpc −3 is the local AGN number density, and 

( z) = 

{ 

(1 + z) p 1 , z ≤ z c 

(1 + z c ) p 1 
(

1 + z 
1 + z c 

)p 2 
, z ≥ z c , 

(27) 

ith p 1 = 4 . 1, p 2 = 0 . 03, and z c = 1 . 03 (Ueda et al. 2003 ; Fo-
opoulou 2012 ). Within an AGN activity cycle of ∼ 10 Myr, there
ave been ∼ 10 4 NSs present (Perna et al. 2021 ). Consequently, the
stimated average number of coexisting NS in an AGN disc is 

 ns / AGN ∼ 10 4 

10 Myr 

ηM �c 2 

L ν

. (28) 

umerically, the inte gral abo v e is computed up to the redshift of
 = 5. 

The blue curve in Fig. 8 shows the contribution of neutrinos
roduced by NSs accretion in AGN discs to the background. The
eutrino background generated by NS accretion in AGN discs is
rimarily in the ∼ MeV energy range, while MeV neutrino back-
round is mostly attributed to supernova contributions. The dotted
range line provides the diffuse supernova neutrino background
or comparison (Horiuchi et al. 2009 ). Since the average energy
f neutrinos produced by NS accretion is slightly lower than that
rom supernova, and supernova neutrinos are approximately thermal
Fermi-Dirac distribution), whereas the spectra of neutrinos produced
y NS accretion is given by equation ( 21 ), therefore these two
ackgrounds are distinct. At the MeV range, the neutrino background
roduced by NS accretion in AGNs accounts for ∼ 25 percent of
he supernova neutrino background. Around 0.3 MeV, the neutrino
ackground from NS accretion in AGNs is even comparable to that
f supernova neutrinos. 
It is noted that for neutrino backgrounds � 1MeV, they are

rimarily sourced from nuclear reactors on Earth, vastly surpassing
he calculated neutrino background from NS accretion in AGN discs.
o we ver, reactor neutrinos originate from terrestrial sources and

heir locations are known, so the use of multiple detectors, as well
NRAS 532, 1330–1344 (2024) 
s methods such as energy spectrum analysis and time correlation,
ay help differentiate between different signal sources and thus
itigate the impact of reactor neutrino. It is also worth noting that the

umber of NSs in the nuclear region has a significant impact on the
ackground contribution. Mass se gre gation may reduce the number
f NSs in the nuclear cluster of AGNs (McKernan et al. 2020 ), but
epeated AGNs (Shankar, Weinberg & Miralda-Escud ́e 2009 ) would
ncrease the number of NSs in the nuclear cluster, thereby increasing
he contribution to the neutrino background. 

.4 Angular momentum carried away by neutrinos 

ssuming that the generated neutrinos are emitted isotropically in the
o-rotating frame of a NS with arguer velocity �, the rotation of the
S causes the neutrinos to potentially carry away angular momentum
hen observed from the laboratory frame. For ease of estimation, it is

ssumed that the rotation axis of the NS coincides with its magnetic
ole and is perpendicular to the plane of the AGN disc. When the
ccretion flow travels along the accretion column towards the surface
f the NS, it excites neutrinos. Each individual neutrino possesses
omentum and, consequently, angular momentum. Evidently, in the

o-rotating frame with the NS, the average angular momentum of
eutrinos is zero. Ho we ver, in the laboratory frame, the average
ngular momentum carried away by each neutrino with energy E ν

s: 

 J = 

E ν�
r 2 cap 

c 2 √ 

1 − �2 r 2 cap 

c 2 

, (29) 

here the relationship between polar cap radius r cap and magneto-
phere radius r m 

is (Shapiro & Teukolsky 2008 ) 

 cap = r ns 

√ 

r ns 

r m 

. (30) 

hus the total angular momentum loss rate due to neutrino emission
s: 

 ̇= 

d N ν

d t 
d J = 

L ν�
r 2 cap 

c 2 √ 

1 − �2 r 2 cap 

c 2 

. (31) 

Table 2 presents the angular momentum carried away by neutrinos,
he angular momentum carried by the accretion flow, and their ratio
or various NS masses and their rotational angular velocities. The
atio of angular momentum carried away by neutrinos is contingent
n the location of neutrino emission as well as the position of
he magnetosphere. The magnetosphere radius is maintained at
0 7 cm in the table, but note that the ratio decreases slightly as the
agnetosphere radius increases. According to the abo v e estimates,

here is evidence that while neutrinos can carry away the majority of
he energy released from accretion, the angular momentum carried
y neutrinos generally constitutes only a small fraction compared
o the angular momentum of the accreting material. This is because
eutrinos can only be emitted at the base of the accretion column.
he remaining angular momentum will be transferred to the NS,
ontributing to its rotational acceleration or being balanced out by
ther mechanisms such as GWs. 

 G R A  V I TAT I O NA L  WA  V E S  I MPLI CATI ONS  

S accretion may have an impact on the GWs emitted by individual
Ss, as well as on the GWs associated with the merger of binaries

nvolving NSs. 
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Table 2. The rate of angular momentum loss carried away by neutrinos for various NS masses and their 
rotational angular velocities. From left to right, the columns represent: NS masses, rotational angular velocities 
of the NS, rates of angular momentum loss due to neutrino emissions, rates of angular momentum increase 
due to accretion, and the ratio of the abo v e two quantities. 

m ns [M �] � ( s −1 ) J̇ ν ( ṁ 
ṁ Edd 

g cm 

2 s −2 ) J̇ acc ( ṁ 
ṁ Edd 

g cm 

2 s −2 ) −J̇ ν/ ̇J acc 

1.4 0 0 4 . 22 × 10 34 0 
1.4 3 . 0 × 10 3 −1 . 12 × 10 32 4 . 22 × 10 34 0.27 per cent 
1.4 �K −3 . 48 × 10 32 4 . 22 × 10 34 0.82 per cent 
2.2 �K −7 . 18 × 10 33 5 . 29 × 10 34 1.36 per cent 
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Figure 9. The GW strain range produced by the accretion of a NS in a nearby 
AGN disc. The purple region represents the potential strain corresponding 
to the maximum quadrupole moment that the crust can sustain, while the 
red region represents the range of strain when the angular momentum lost 
from GWs balances with the accretion flow. The rotation frequencies of the 
NS is chosen within the range of 300–730 Hz, resulting in GW frequencies 
within the range of 600–1460 Hz. For comparison, v arious sensiti vity curves 
of detectors are shown. 
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.1 GWs from NS mountains 

he mass quadrupole of a NS is referred to as the ‘mountains’ of
he NS, primarily arising from non-axisymmetric deformations in the 
rust. Accretion asymmetries onto the NS can lead to asymmetries in 
omposition and heating, which in turn result in deformations of the 
S and the generation of a quadrupole moment. These compositional 

nd heating asymmetries may originate from the gravitational poten- 
ial energy released by accretion itself, or from nuclear reactions 
ithin the NS. An accreting NS in AGN discs undergoes a series of
uclear reactions on its surface and crust, such as electron capture, 
eutron emission, and pycnonuclear reactions (Meisel et al. 2018 ). 
hese nuclear reactions give rise to the quadrupolar component of 

emperature variation, contributing to the asymmetric heating of the 
rust and consequently raising the mass quadrupole. Furthermore, 
shomirsky et al. ( 2000 ) illustrates the trend of increasing mass
uadrupole with an increasing accretion rate. 
While there remains uncertainty regarding the heating asym- 
etry induced by nuclear reactions, continuous accretion of the 
S allows for mountains to be built incrementally, eventually 

eaching the maximum quadrupole (Ushomirsky et al. 2000 ). This 
aximum quadrupole exists because large stresses can break the 

rust (Horowitz & Kadau 2009 ). Haskell et al. ( 2015 ) provide the
aximum quadrupole that can be sustained in the NS crust, up to
 22 ∼ 10 40 g cm 

2 . This maximum quadrupole consequently places 
n upper limit on the GW strain. The relationship between the mass
uadrupole and strain is described by (Ushomirsky et al. 2000 ) 

 a1 = 

16 

5 

(π

3 

) 1 
2 GQ 22 �

2 

dc 2 
, (32) 

here d is the distance to the source. 
In many studies, it is assumed that GWs can balance out the angular
omentum brought about by accretion (Papaloizou & Pringle 1978 ; 
agoner 1984 ; Bildsten 1998 ). Ho we ver, due to the high accretion

ate of NSs in AGN discs, which can exceed � 10 5 ṁ Edd as discussed
n Section 2.3 , even if the mass quadrupole of the NS crust reaches
ts maximum limit, the emitted GWs may not be sufficient to balance
he angular momentum from accretion. Nevertheless, if the mass 
uadrupole induced by the magnetic field is considered, it may not be
onstrained by the aforementioned limit on crustal deformation. This 
ould lead to the generation of a larger mass quadrupole, potentially 
alancing out the angular momentum from accretion. In this scenario, 
he corresponding strain would be 

 a2 = 

(
G ̇m 

�c 3 

) 1 
2 ( Gm ns r m 

) 
1 
4 

d 
. (33) 

Fig. 9 illustrates the sensitivity of GW detectors and the potential 
pper limits of GWs generated by NS accretion. An integration 
earch o v er a time period, t obs , is capable of detecting a strain of 

 ≈ 11 . 4 

√ 

S n ( f ) 

t obs 
, (34) 

here S n ( f ) is the detector’s noise power spectral density, and the
actor 11.4 accounts for a false dismissal rate of 10 per cent and a
alse alarm rate of 1 per cent per single trial (Abbott et al. 2007 ). The
train sensitivity curves (i.e. S n ( f )) for Advanced LIGO (aLIGO),
instein Telescope (ET), and Cosmic Explorer ( CE ) are derived from
oore, Cole & Berry ( 2015 ). For the detectors depicted in the graph,

n observation time of t obs = 2yr has been chosen. Regarding the
Ws produced by NS accretion in AGN discs, a source distance
f d = 5Mpc is assumed, which exceeds the nearest known AGN
Filippenko & Ho 2003 ). Two potential upper limits of GWs are
onsidered: the purple region in the graph represents the possible 
train corresponding to the maximum quadrupole that the crust can 
ustain, while the red region represents the range of strain when the
ccretion rate is ∼ 2 × 10 5 ṁ Edd , balancing the angular momentum 

rom accretion. Both of these potential upper limits lie abo v e the
ensitivity curves for ET and CE . Therefore, GWs generated by
S accretion in AGN discs may potentially be detected by third-
eneration GW detectors within 2 yr. 
The GWs may also exhibit several characteristic effects due to 

he environment within the AGN disc, especially the presence of the
MBH. These effects include: (i) Periodic modulations in the GW 

ignal due to changing path length along the line of sight during
MNRAS 532, 1330–1344 (2024) 
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he NS’s orbit around the SMBH. (ii) Relativistic beaming, Doppler,
nd gravitational redshift leading to a phase shift in the GW signal.
iii) The variation of ‘light’ traveltime in the gravitational field of
he SMBH, known as the Shapiro delay (Meiron, Kocsis & Loeb
017 ). (iv) Gravitational lensing effect causing the production of
W echoes (Gond ́an & Kocsis 2022 ). The GW echo exhibits a time-

requenc y evolution v ery similar to the primary signal but arrives after
 time delay. Moreo v er , the NSs in A GN discs undergo intermittent
ccretion, leading to potentially intermittent GW emissions, as
llustrated in the next subsection. Combined with these effects, GW
ignals from NSs in AGN discs and those in X-ray binaries (Bildsten
998 ; Watts et al. 2008 ) could be differentiated. If the GWs produced
y the accretion of NSs in AGN discs are detected, the presence
f NS in AGN discs can be confirmed, consequently revealing the
strophysics of compact objects in AGN discs. 

The extraction of angular momentum by GWs from a NS is
rucial. F or instance, P an & Yang ( 2021b ), when considering whether
ccretion onto a NS can lead to the shedding limit, found that the
esults were marginal. They observed that for different parameters,
he outcomes varied, but in most cases, the results were situated
t the boundary between being able to reach the shedding limit
nd not. Ho we ver, their calculations did not account for angular
omentum loss. Therefore, even if GWs can carry away some

ngular momentum during the accretion process, it becomes less
ikely for NSs in AGN discs to reach the shedding limit. This allows
ccretion to continue, making collapse more likely to occur. 

.2 Implications for binary NS merger 

n AGN discs, the accretion of NSs involves feedback to the AGN
as. This alters the accretion rate, consequently affecting the merger
ate. If the NS continues to accrete at a hyper-Eddington rate, it
ill quickly exceed its critical mass and collapse, making binary NS
ergers less likely to occur in AGN discs. Ho we ver, the circum-
S disc is dominated by outflows, which provide feedback into the
GN disc, creating a cavity, and then subsequently returning to the
yper-Eddington rate again. Therefore, the duty cycle induced by
his feedback needs to be considered. 

Feedback calculations follow Chen et al. ( 2023 ), but we also take
nto account that neutrinos in the NS process carry away most of the
eleased gravitational potential energy. Therefore, the only feedback
ffect come from the wind of circum-NS disc. The time-scale for the
ircum-NS disc to maintain ef fecti ve accretion is 

 acc = α−1 h 

−2 �−1 
K , (35) 

here α ∼ ˜ α, h ∼ 0 . 5, and �K are the viscosity, the height ratio, and
he Keplerian angular velocity of the circum-NS disc respectively.
he wind from the circum-NS disc interacts with the surrounding
GN disc gas through a forward shock, creating a shell of shocked
isc gas separated by the shocked outflow material. The radius of the
xpanding shell change over time as (Weaver et al. 1977 ) 

 shell = 0 . 88 

(
L w t 

3 

˜ ρ0 

) 1 
5 

, (36) 

here L w ( ̇m rel , r cir , r m 

, s) is the heat inject rate into the AGN disc
hrough the wind of the circum-NS disc (Chen et al. 2023 ). The
reakout time-scale, t bre , can be calculated from r shell ( t bre ) = 

˜ H . The
ormation and reco v ery times of the cavity are related to the two
imes, t acc and t bre . The time for the expansion of the cavity outwards
NRAS 532, 1330–1344 (2024) 
s 

 cav = 

⎧ ⎨ 

⎩ 

r 3 cav −r 3 shellb ( t acc ) 

3 r 2 shellb ( t acc ) v shellb ( t acc ) 
+ t acc , t acc � t bre 

r 3 cav − ˜ H 

3 

3 ̃  H 

2 v shellE ( t breE ) 
+ t breE , t acc � t bre , 

(37) 

here 

 cav = 

{ [
r 2 shellb ( t acc ) v shellb ( t acc ) / ̃ c s 

] 1 
2 , t acc � t bre [

r 2 shellE ( t breE ) v shellE ( t breE ) / ̃ c s 
] 1 

2 , t acc � t bre . 
(38) 

n the case of t acc � t bre , r shellb ( t) and v shellb ( t) are the radius and
elocity of the expanding shell after the shock break out, and in
he case of t acc � t bre , r shellE ( t breE ) and v shellE ( t breE ) are the radius and
elocity of the expanding shell at the moment of the shock break out,
ollowing Chen et al. ( 2023 ). The reco v ery time-scale of the cavity
an be estimated as the radius o v er the local sound speed, i.e. 

 ref = 

r cav 

˜ c s 
. (39) 

herefore, the duty cycle is defined as 

= 

t acc 

t cav + t ref 
. (40) 

fter considering the feedback, the average accretion rate of NSs
eeds to be multiplied by this duty cycle based on Section 2.3 . The
ollapse time-scale consequently is 

coll ∼ M �
ξṁ 

. (41) 

Fig. 10 shows the duty cycle of NS accretion and the time-scale
f accretion-induced collapse in the fiducial model. In comparison
o the scenario with BH (Chen et al. 2023 ), the relatively large
uty cycle of NS accretion is attributed to the influence of magnetic
elds and neutrino production. Furthermore, Chen et al. ( 2023 ) also

akes into account the feedback from accretion of NSs onto AGN
iscs, but does not consider neutrinos generated by NS accretion.
nstead, it assumes that the released gravitational energy is entirely
tilized for feedback on the gas in the AGN disc. Consequently,
heir work o v erestimates the feedback from NS accretion, resulting
n a smaller duty cycle. Actually, the larger duty cycle make it more
ikely for NSs in the AGN disc to collapse due to accretion. This
s justified by the comparison of the migration time-scale. We take
nto consideration Type I migration as well as migration due to GW
eleased. While there are additional factors influencing migration,
hey are not expected to significantly alter the order of magnitude
f the migration time-scale. In the right panel of Fig. 10 , the yellow
urve represents the migration time-scale of NSs in the AGN disc. It
an be observed that in the fiducial model, the migration time-scale
s greater than the collapse time-scale, which is also shorter than the
ypical lifetime of an AGN ( ∼ 10Myr). In AGN discs, binary objects
ypically form in regions with differential migration or migration
raps. Consequently, the migration time-scale can serve as a lower
imit for the time-scale of binary mer gers. Clearly, binary NS mer gers
re unlikely to occur in AGN discs. 

Not limited to the fiducial model, Fig. 11 provides comparisons
etween the collapse time-scale and the migration time-scale in
arious cases, and the results generally agree with those of the fiducial
odel, i.e. the accretion time-scale is shorter than the migration

ime-scale. This implies that NSs in AGN discs may collapse before
nticipated collisions or mergers. The only exception arises from
maller mass SMBHs in AGNs, where the collapse time-scale may
xceed the migration time-scale, as shown in the upper left panel
f Fig. 11 . Luo et al. ( 2023 ) simulated hierarchical triple systems
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Figure 10. Left panel: Duty cycle of NS accretion in the AGN disc at different disc radii in the fiducial model. Right panel: Time-scales of NS accretion collapse 
(blue) and migration (yellow) in the AGN disc with fiducial parameters. 

Figure 11. Time-scales of NS accretion collapse (blue) and migration (yellow) in AGN discs with parameters beyond the fiducial values. The upper left panel 
is for M SMBH = 10 6 M �, the upper right panel is for M SMBH = 10 7 M �, the lower left panel is for ˜ α = 0 . 01, and the lower right panel is for s = 0 . 8 in equation 
( 10 ). The remaining parameters are consistent with those of the fiducial model. 
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omposed of a binary star and the SMBH in AGN discs, and the
esults indicate that smaller SMBHs are more likely to lead to 
inary mergers or collisions. Ho we ver, it is important to note that
his likelihood is relative. When compared to WDs in AGN discs,
S mergers are still rare, as they require the emission of GWs to
ring the two NSs within the capture radius. Indeed, our findings 
re consistent with observations. As of 2024 May 15, ground-based 
W observatories have detected nearly 200 GW sources. Ho we ver, 

mong them, only two binary NS merger events have been confirmed 
GW170817 and GW190425), along with about five potential NS- 
H merger events (LIGO 2024 ). 
It is worth noting that when matter falls onto the surface of a NS,

he majority of the released energy is carried away by neutrinos, but
ue to the high opacity of AGN discs, a small fraction of energy in
he form of electromagnetic radiation ( ∼ L Edd ) is still injected into
he AGN disc. Ho we ver, compared to the outflow from the circum-
S disc to the AGN discs, it is negligible. Additionally, for NSs in
GN discs, the dipole magnetic field truncates the circum-NS disc 
MNRAS 532, 1330–1344 (2024) 
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t larger radii, reducing its outflow. Therefore, compared to BHs in
GN discs, the feedback from NSs is smaller. 

 DISCUSSION  

part from neutrinos and GWs effects, accretion of NSs in AGN
iscs may still have electromagnetic effects. 2 Due to the dominance
f outflows in the circum-NS disc, the cavities formed by its feedback
nto the AGN disc may potentially cause shocks to break out on the
urface of the AGN disc and propagate into the broad-line region.
he momentum-driven outflow may even fall back under the gravity
f the central SMBH. These processes subsequently could result in
adiation across various bands including radio, optical, UV, soft X-
ay, and even GeV (Wang et al. 2021 ; Chen et al. 2023 ). While the
irect observational effects may be relatively weak, this could lead
o the AGN disc becoming feedback-dominant (Gilbaum & Stone
022 ). Additionally, magnetic reconnection following the collapse
f the accreted NS may trigger phenomena similar to fast radio bursts
FRBs) (Falcke & Rezzolla 2014 ; Perna et al. 2021 ). 

Because the circum-NS disc has a significant impact on the
otational angular velocity of the NS as well as the accretion
eedback onto the AGN disc, here are some necessary caveats to
ote. Currently, it is assumed that the NS accretes material from
he Keplerian AGN disc, although turbulence may be present on the
GN disc. Turbulence could potentially lead to the disappearance of

he circum-NS disc (Chen & Lin 2023 ). In this scenario, the accretion
attern of the NS resembles the spherical accretion depicted in Fig. 5 .
urthermore, when the NS orbit exhibits eccentricity around the
MBH, it results in retrograde accretion, potentially causing the
ircum-NS disc to even reverse its direction (Chen et al. 2022 ; Li
t al. 2022a ). 

A uniform density within the scale height of the AGN disc is
ssumed in this study. Ho we ver, this assumption does not adequately
ccount for the disc’s geometry and the impact of pressure gradient
orces resulting from free expansion perpendicular to the AGN disc
lane. When considering the disc’s vertical structure, the evolution of
he cavity’s shape, scale, and breakout position may be altered (Mac
ow & McCray 1988 ; Tagawa et al. 2022 ). Moreover, the evolution
f the cavity is not solely go v erned by momentum conservation;
hermal pressure may also contribute to the displacement of the shell.
onsidering these factors, our estimates may require adjustments,
lthough our results remain reasonable in magnitude and do not alter
he fundamental physical picture. 

Magnetic fields play a crucial role in neutrino production, feedback
nto the AGN disc, and the evolution of NS. While massive stars
volving in AGN discs may possess a higher proportion of magnetars
 � 10 13 G), their subsequent evolution is complex. The magnetic
eld may decrease during accretion due to processes like Ohmic
issipation, stabilizing at an estimated ∼ 10 9 − 10 10 G (Pan & Yang
021b ). On the other hand, magnetic fields are commonly assumed
n disc models (Eardley & Lightman 1975 ), and average values of

10 4 G are observed in AGN discs (Silant’ev et al. 2009 ; Daly
019 ). When the NS accretes material from the AGN disc, the NS’s
agnetic field may be amplified due to magnetic flux conservation

uring the accretion process. Performing magnetohydrodynamic
umerical simulations of these processes in future w ork w ould be
f great interest. Additionally, the dipole magnetic field is assumed
n this study. In reality, both theoretical and observational evidence
uggest the existence of multipole fields (e.g. Roberts 1979 ; Gil &
NRAS 532, 1330–1344 (2024) 

 Additional details are available in the supplementary material. 

A  

m  

t  
itra 2001 ; P ́etri 2015 ). If they are pre v alent, accretion columns
ay not form. Due to the significant uncertainty introduced by the

onfiguration of multipole fields, their effects are not accounted for
n this study. 

Strong magnetic fields and rapidly rotating NSs (e.g. B � 10 13 

 and f � 100 Hz) may also induce the propeller effect during
he accretion process, resulting in a reduction in the accretion rate
e.g. Davidson & Ostriker 1973 ; P arfre y, Spitko vsk y & Beloborodov
016 ). Ho we ver, for NSs with weaker magnetic fields, the mag-
etospheric radius r m 

may be smaller than or comparable to the
orotation radius, in which case the propeller effect does not occur.
urthermore, even if r m 

is slightly larger than the corotation radius,
ccretion onto the NS is not abruptly hindered in the mild propeller
egime (Ghosh & Lamb 1979 ; Pan & Yang 2021b ). It is also worth
oting that our model inherently supports intermittent accretion onto
Ss in AGN discs, thus encompassing the occurrence of the propeller

ffect. In cases where the propeller effect occurs, the still high
ccretion rate at the Bondi radius and the sharply reduced accretion
ate onto the NS surface inevitably lead to an increase in the wind,
nhancing the feedback on the AGN disc. This corresponds to the
arameter ‘ s’ in equation ( 10 ) increase. Due to the complexity of the
hysical processes involved, we currently only assume ‘ s’ to be a
ree parameter. 

The investigation of nucleosynthesis in accreted matter and their
mpact on the NS’s mass quadrupole moment warrants further explo-
ation. Extensive research has been conducted on nuclear reactions
ithin the surface and crust of NSs. Ho we ver, accretion onto NSs in
GN discs is highly intense and may involve strong magnetic fields.
he nature of nuclear reactions in such an environment remains
nclear. It is currently understood in a qualitative sense that high
ccretion rates may lead to continuous, rather than intermittent,
uclear reactions on the surface (Meisel et al. 2018 ). The strong
agnetic field can change the structure of the outer layer of NSs

Chamel & Haensel 2008 ; Meisel et al. 2018 ), thereby influencing
ucleosynthesis. The composition and asymmetry in heating of the
S’s crust heavily rely on these nuclear reactions, consequently

nfluencing GWs. 
Currently, we are conducting qualitative studies of various char-

cteristic models or stages, without delving into the continuously
ynamical evolution. For instance, the physics at the junction of
ifferent-scale accretion models, and the evolution o v er time of
ccretion columns and the circum-NS disc, remain unclear. The spin
nd magnetic field of NSs can further influence the critical mass for
S collapse, although this is not expected to significantly impact
ur qualitative estimates. These aspects warrant future investigation
hrough precise numerical simulations to elucidate their intricate
tructures and evolution. 

 C O N C L U S I O N S  

n this work, we study the accretion of NSs in AGN discs at various
cales. Through the analysis of characteristic effects in both AGN
iscs and NSs, the accretion rate of NSs and its feedback are
etermined, as well as multimessenger implications are illustrated,
eading to the following concluding remarks. 

(i) Accretion of NSs in AGN discs exhibits a hierarchical structure
Fig. 1 ). It occurs in an approximately spherical manner on Bondi
cales. On scales near the NS by one to two orders of magnitude, a
ircum-NS disc forms due to the differential rotation of AGN disc gas.
s the accretion flow approaches the magnetosphere of the NS, the
agnetic field guides the accretion flow, forming accretion columns

hat flow towards the NS with hyper-Eddington rates (Figs 2 and 4 ).
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ore generally, various possible states of NS accretion in AGN discs
re classified in Fig. 5 . 

(ii) The hard surface of a NS leads to a high energy efficiency of
ccretion. Possible strong magnetic fields can channel accretion ma- 
erial to wards narro w accretion columns. Thus, the hyper-Eddington 
ccreting NSs in AGN discs can generate neutrinos through positron–
lectron annihilation. Neutrinos carry away excess energy, imposing 
n upper limit on electromagnetic radiation. The neutrino energy 
pectrum is the non-thermal spectrum corresponding to neutrinos 
hat can freely escape (Fig. 7 ), with a characteristic temperature 
f approximately 1 MeV at the position of neutrino production 
Table 1 ). Neutrinos produced by NS accretion make a significant 
ontribution to the sub-MeV and MeV background, even comparable 
o the contribution from supernovae at around 0.3 MeV (Fig. 8 ). 

(iii) Accretion onto a NS can also lead to the generation of mass
uadrupole, resulting in the emission of GWs. The corresponding 
pper limit on strain may be detectable by third-generation GW de- 
ectors (Fig. 9 ), and these GWs can exhibit characteristic effects such
s Doppler shifts and echoes. GWs could extract angular momentum 

rom the accretion flow (Table 2 ), alleviating the shedding limit and
nabling sustained accretion. 

(iv) The magnetosphere potentially truncates the circum-NS disc at 
 larger radius r m 

, which in turn reduces the outflow from the circum-
S disc, thereby diminishing the feedback on AGNs. Generally, the 
uty cycle is relatively large, with the average accretion-collapse 
ime-scale being shorter than the migration (and therefore merger) 
ime-scales in AGN discs (Figs 10 and 11 ). As a result, NS accretion-
ollapses tend to manifest in AGN discs before the occurrence of
inary mergers. 
To sum up, the accretion of NSs in AGN discs is crucial. Combin-

ng further numerical simulation and multimessenger observations 
olds promise in confirming the presence of compact objects in 
GN disc, providing insights into the physics of their extreme 
nvironments, and identifying potential hosts of GW sources. 
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