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A B S T R A C T 

Ultr aluminous X-r ay pulsars (ULXP s) serve as unique astrophysical labor at ories, offering critical insights int o accretion 

physics under e xtr eme conditions, such as str ong magnetic fields and super-Eddington accretion rates. Additionally, the 
nature of pulsars, i.e. the equation of state of supranuclear matter, is still a matter of intense debate, basing on either 
conventional neutron stars or strange stars. In this work, in order to differentiate the conjectured states of matter, we 
inv estigat e accretion columns of ULXPs based on the strangeon-star (SS) model, focusing on the thermal mound at the 
column base. Accounting for Coulomb and strangeness barriers of SSs, we find that the mound can reach 0 . 7 - 0 . 95 km 

in height with temperatures above 10 

9 K , enabling substantial neutrino emission via electr on–positr on annihilation. At 
low -accretion r at es ( < 10 

20 g s −1 ), phot ons dominat e the luminosity, while at higher rat es ( > 10 

21 g s −1 ), phot on trapping 

makes neutrino emission the main cooling channel, with total luminosity e x ceeding photon emission, which saturates 
near 10 

41 erg s −1 . Even though the predicted neutrino flux from the nearest system, Swift J0243.6 + 6124, lies well below the 
diffuse MeV back gr ound – implying that det ectable emission w ould r equir e substantially closer or mor e luminous sour ces 
– these results demonstrate the key role of the thermal mound and SS properties in accr etion, pr oviding a foundation for 
future ULXP studies and suggesting that neutrino observations could, in principle, offer a novel probe of SSs and extreme 
supr anuclear mat ter. 

Key w ords: dense matt er – neutrinos – stars: neutron – pulsars: general – X-rays: binaries. 
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 INTRODUCTION  

ltr aluminous X-r ay sources (ULXs) ar e e xtrag alactic, point -lik e
-r ay emit t ers not associat ed with activ e g alactic nuclei, e xhibit-

ng X-ray luminosities significantly e x ceeding L X > 10 39 erg s −1 

P. Kaaret, H. Feng & T. P. Roberts 2017 ; S. N. Fabrika et al. 2021 ;
. King, J.-P. Lasota & M. Middleton 2023 ). Traditionally, ULXs
 ere int erpret ed as syst ems pow ered either by super-Eddington

ccretion on to stellar-mass black holes (M. C. Begelman, A. R.
ing & J. E. Pringle 2006 ; J. Poutanen et al. 2007 ) or by accretion
n t o int ermediat e-mass black holes (E. J. M. Colbert & R. F.
ushotzky 1999 ; J. M. Miller 2006 ; T. J. Maccarone et al. 2007 ; F.
oliopanos et al. 2017 ). How ev er, the discov ery of coherent X-ray
ulsations in M82 X-2 (M. Bachetti et al. 2014 ), which exhibits an
 xtraor dinary luminosity of L X � 1 . 4 × 10 40 erg s −1 and a pulse 
eriod of 1 . 37 s , provided compelling evidence that some ULXs
r e power ed by accr eting pulsars rather than black holes. In these
yst ems, matt er channelled by the strong magnetic field on to the
tellar surface forms hot spots that produce pulsed X-ray emission 
s the star rotates. 
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Since the discovery of M82 X-2, numerous other ULX pulsars
ULXPs) have been identified, and their observed properties are 
ummarized in Table 1 . Of particular interest is the possible
etection of a narrow cyclotron scattering feature at ∼4 . 5 keV 

n M51 ULX-8 (M. Brightman et al. 2018 ). Although pulsations
ave not been detected from this source, the feature has been

nt erpret ed as a prot on cy clotron line, implying a surface mul-
ipole magnetic field as strong as B ∼ 10 15 G . The X-ray lumi-
osities of ULXPs are typically in the range of 10 39 - 10 41 erg s −1 ,
hich is above the Eddington luminosity for accreting pulsars, 
 Edd ≈ 1 . 8 × 10 38 (M/ M �) erg s −1 , where M is the mass of the
ompact object. This challenges our understanding of accretion 

hysics under e xtr eme magnetic fields, high temperatur es, and
uper-Eddington regimes, making ULXPs unique laboratories for 
xploring high-energy astrophysical processes. 

The origin of the e xtr emely high luminosity observed in ULXPs
emains a subject of ongoing debate. Proposed models for ULXPs 
pan a broad range of surface magnetic field strengths. At rel-
tively low fields ( ∼10 11 G ), the observed luminosities may be
xplained by strong radiatively driven outflows and geometrical 
eaming (M. J. Middleton & A. King 2016 , 2017 ; A. King & J.-P.
asota 2019 ; J.-P. Lasota & A. King 2023 ). At the other e xtr eme,
agnetar -lik e fields ( ∼10 14 G ) can suppress radiation pressure
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Table 1. Observed properties of known ULXP s. F rom left to right, the table 
lists: source name, period, period derivative, X-ray luminosity, distance, and the 
corr esponding r efer ence. 

Source P ˙ P L X d Ref. 
(s) (10 −9 s s −1 ) (10 39 erg s −1 ) (Mpc) 

M82 X-2 1.37 −0 . 2 18 3.6 [1] 
NGC 5907 ULX-1 1.13 −3 . 8 ∼100 17.1 [2] 
NGC 300 ULX-1 16.6 −556 4.7 2 [3] 
NGC 1313 X-2 1.5 −13 . 8 ∼20 4 [4] 
NGC 2403 ULX 18 −100 1.2 3.2 [5] 
NGC 7793 P13 0.417 −0 . 04 ∼10 3.6 [6] 
NGC 7793 ULX-4 0.4 −35 3.4 3.9 [7] 
NGC 4559 X-7 2.6 +1 20 7.5 [8] 
Swift J0243.6 + 6124 9.86 −22 2 0.007 [9] 
SMC X-3 7.8 −6 . 46 1.2 0.062 [10] 
RX J0209.6 −7427 9.29 −17 . 5 1.6 0.06 [11] 
M51 ULX-7 2.8 −0 . 15 4 8.6 [12] 
M51 ULX-8 – – 2 8.58 [13] 
NGC 4559 X7 2.6 −1 5 7.5 [14] 

Notes. [1] M. Bachetti et al. ( 2014 ); 
[2] G. L. Israel et al. ( 2017a ); F. Fuerst et al. ( 2023 ); 
[3] S. Carpano et al. ( 2018 ); G. Vasilopoulos et al. ( 2018 ); D. J. Walton et al. ( 2018 ); 
[4] R. Sathy apr akash et al. ( 2019 ); 
[5] S. Trudolyubov, W. Priedhorsky & F. Cordova ( 2007 ); 
[6] C. Motch et al. ( 2013 ); F. Fürst et al. ( 2016 ); G. L. Israel et al. ( 2017b ); F. Fuerst 
et al. ( 2018 ); 
[7] E. Quintin et al. ( 2021 ); 
[8] F. Pintore et al. ( 2021 , 2025 ); 
[9] C. A. Wilson-Hodge et al. ( 2018 ); 
[ 10 ] S.-S. Weng et al. ( 2017 ); 
[ 11 ] G. Vasilopoulos et al. ( 2020b ); 
[ 12 ] G. A. Rodríguez Castillo et al. ( 2020 ); G. Vasilopoulos et al. ( 2020a ); 
[ 13 ] M. Brightman et al. ( 2018 ); M. Bachetti et al. ( 2022 ); 
[ 14 ] F. Pintore et al. ( 2025 ). 
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M. M. Basko & R. A. Sunyaev 1976 ; K. Y. Ek ̧s i et al. 2015 ; H. Tong
015 ; S. Dall’Osso et al. 2016 ; A. D. Chandra 2026 ) and confine
ccretion columns near the magnetic poles (A. A. Mushtukov
t al. 2015 ; H. Inoue 2020 ). Beyond the field strength itself, sev-
ral additional factors may substantially influence the accretion
ynamics in ULXPs, including complex, non-dipolar magnetic
eld configurations (G. L. Israel et al. 2017a ; S. S. Tsy g ankov et al.
018 ), enhanced neutrino cooling (A. A. Mushtukov et al. 2018 ;
. Asthana et al. 2023 ), and photon-bubble instabilities (J. Arons
992 ; M. C. Begelman 2006 ; L. Zhang, O. Blaes & Y.-F. Jiang
021 ). 

On the other hand, three primary mechanisms can contribute
o neutrino emission in X-ray binaries: (i) high-energy protons
ccelerated within the system, such as in jets, relativistic winds,
r pulsar magnetospher es. These pr otons undergo collisions that
r edominantly pr oduce pions, which then decay into g amma rays
nd neutrinos (H. R. Christiansen, M. Orellana & G. E. Romero
006 ; A. N er onov & M. Ribor dy 2009 ; N . Sahak yan, G . Piano
 M. Tavani 2014 ; O. Kosmas, T. P apa vasileiou & T. Kosmas

023 ; L. Ducci et al. 2025 ); (ii) prot on–phot on int eractions in the
agnetosphere of the accreting pulsar (W. Bednarek 2009 ); (iii)

lectr on–positr on pairs of the accretion column of the bright X-
ay pulsars, where pair annihilation leads to neutrino emission
A. A. Mushtukov et al. 2018 , 2025 ; A. A. Mushtukov, I. S. Ognev
 D. I. Nagirner 2019 ; A. Asthana et al. 2023 ). 
In previous studies of electron–positron pair annihilation in

he accretion columns of bright X-ray pulsars and ULXP s, how -
NRAS 546, 1–10 (2026) 
ver, the properties of the thermal mound, as well as the structure
nd equation of state (EOS) of the dense matter inside pulsars,
 ere oft en neglect ed (A. A. Mushtukov et al. 2018 ; A. Asthana

t al. 2023 ). In fact, the EOS of supr anuclear mat ter inside com-
act objects remains one of the most challenging problems in
oth microphysics and astrophysics, hopefully to be solved with
he multimessenger astronomy (J. M. Lattimer & M. Prakash
004 ; L. Baiotti 2019 ). Due to the non-perturbative nature of the
undamental strong interaction at low energies, the EOS of dense

atter at nuclear densities is still poorly underst ood, nev erthe-
ess, strangeness should play an important role in this energy
cale (X. Lai, C. Xia & R. Xu 2023 ). E. Witten ( 1984 ) proposed that
he true ground state of dense matter might be quark matter, com-
osed of nearly free u , d, and s quarks. This concept suggests that
ompact objects resembling pulsars could be quark stars (QSs)
 ather than tr aditional neutron stars (NSs), as outlined in the

IT bag model in the asymptotic freedom regime (C. Alcock, E.
arhi & A. Olinto 1986 ). R.-X. Xu ( 2003 ) proposed, how ev er, that
uilding units of supranuclear matter could instead be strange
uark clusters (renamed ‘ str angeons’), r ather than itinerating
uarks, due to the fact that the coupling between them is still very
trong (X. Y. Lai & R. X. Xu 2017 ). These strangeons, formed by
ound u , d, and s quarks, r epr esent a unique stat e of matt er in
hich quarks condense in position space rather than momentum

pace. The term strangeon stars (SSs) was coined to describe such
ompact objects (X. Y. Lai & R. X. Xu 2017 ; R. X. Xu & Y. J. Guo
017 ; H.-B. Li et al. 2022 ; W.-L. Yuan et al. 2025 ). 
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Figure 1. Schematic depiction of the magnetic polar regions with radius 
R s � 10 5 cm and height H mound of polar mound in an X-ray pulsar. � is 
the opening angle of the magnetic funnel. This diagram is adapted from 

H. Inoue ( 2020 ). 
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Str angeon mat ter, like str ange quark mat ter, consists of nearly
qual numbers of u , d, and s quarks. How ev er, in contrast t o
tr ange quark mat ter, quarks in str angeon mat ter are localized
nside strangeons due to the strong quark–quark coupling. NSs, 
Ss, and SSs share similarities but also differ significantly. In SSs,
uarks are localized in strangeons, much like neutrons in NSs. 
ow ev er, unlike neutrons, a strangeon can contain more than

hr ee valence quarks, r estoring light -fla vour symmetry. Addition-
lly, SSs are self-bound by the strong force, with their surface
atter also composed of strangeons, similar to QSs (R.-X. Xu 

003 ). 
SSs can explain many key observational phenomena in astro- 

h ysics. The E OS of SSs is sufficiently stiff to account for the
bserved masses of pulsars (P. Demorest et al. 2010 ; J. Antoniadis
t al. 2013 ), while pulsar glitches may be attributed to starquakes
E. P. Zhou et al. 2014 ). Furthermore, SSs are capable of explain-
ng X-ray flares and bursts in magnetar candidates (R.-X. Xu, D. 
. Tao & Y. Yang 2006 ), the plateau phase in gamma-ray bursts (S.
ai, L. Li & R. Xu 2011 ), the quasi-periodic oscillations in SGR

806 −20 (H.-B. Li et al. 2023 ), and shaping the energy budget
f various power sources in the context of magnetar starquake 
riggering mechanisms (W.-Y. Wang et al. 2024 ). Additionally, the 
trangeness barrier plays a crucial role in understanding Type I 
-ray bursters (Z. Li et al. 2015 ) and X-ra y -dim isolated neutron

tars (W. Wang et al. 2017 ; W.-Y. Wang et al. 2018 ). 
In this w ork, w e inv estigat e the thermal mound properties

ithin the SS framework (R.-X. Xu 2003 ) and estimate the neu-
rino luminosity relevant to ULXPs. A notable feature of the polar

ound of SSs is the sharp discontinuity in mass density, resulting
rom both the Coulomb (R. X. Xu & G. J. Qiao 1999 ; J. Hu & R. X.
u 2002 ; R.-X. Xu 2014 ) and the strangeness (R.-X. Xu 2014 ; Z. Li
t al. 2015 ; W. Wang et al. 2017 ; W.- Y. W ang et al. 2018 ) barriers.
ost of the total gravitational energy of accretion is stored in the
att er abov e the surface of density discontinuity on the polar cap

f an SS, whereas an NS does not exhibit such a discontinuity.
his ther efor e r esults in a low er effectiv e heat capacity for SS
nd a higher one for NS, and consequently a high temperature
nd large neutrino emissivity of SS. The detailed quantitative 
alculations in the following sections demonstrate consistency 
ith these qualitative results. 
The paper is organized as follows: In Section 2 , we calculate the

emperature distribution within the accretion column and derive 
he thermal mound height. The luminosity associated with heat 
ransport from the SS surface is presented in Section 3 . In Section
 , w e estimat e the neutrino energy flux based on the thermal
ound properties and discuss the detectability of neutrinos from 

hese ULXPs. Finally, we summarize and discuss our results in 

ection 5 . 

 T H EORETICAL  MODEL  

.1 Dynamical structure of the accretion column 

n this subsection, we discuss the structure of the accretion col- 
mn and calculate key quantities, including the radiation energy, 
ass density, and velocity of the mass flow within the column. 
Radiation pr essur e plays a crucial role in determining the dy-

amical structur e of accr etion flows in high-luminosity X-ray 
ulsars. At sufficiently high accretion rates, a shock forms above 
he stellar surface (H. Inoue 1975 ; M. M. Basko & R. A. Sunyaev
976 ; H. Inoue 2020 ). This shock must be radiative in nature to ef-
ectiv ely dissipat e the kinetic energy of the infalling matter (P. A.
ecker 1998 ). Models of such accretion columns are essential for
nt erpreting observ ed radiation luminosities (A. A. Mushtukov 
t al. 2015 ), pulse profiles (D. Klochkov et al. 2008 ; P. A. Becker
t al. 2012 ), continuum spectra (P. A. Becker & M. T. Wolff 2006 ),
yclotron line spectra (R. Staubert et al. 2019 ), and polarization
bservations of high-luminosity X-ray pulsars in high-mass X-ray 
inaries. Mor eover, the accr etion column e xhibit quasi-periodic 
scillations using the magnet ohy drodynamics simulations (L. 
hang, O. Blaes & Y.-F. Jiang 2022 , 2023 , 2025 ). 
A schematic diagram of the magnetic polar regions is shown in

ig. 1 , which includes the free-fall region, the polar cone region,
nd the polar mound region. At the free-fall region, matter can be
ppr o ximat ed t o flow with the free-fall velocity on the upstream
ide of the shock. The kinetic energy of the inflowing matter is
onv ert ed int o thermal energy through the shock in the polar
one r egion, wher e r adiation is emit t ed lat erally in a fan beam
at tern. A t the base of the polar cone, a thermal mound forms on
he stellar surface, and radiation is emitted radially upward in a
encil beam. 
In highly magnetized accreting pulsars, the plasma is fun- 

elled by the strong dipolar magnetic field towards the mag- 
etic polar caps, forming narr ow accr etion columns above the
tellar surface. In these regions, the inflowing matter is nearly 
onstrained to move along magnetic field lines, and the lateral 
otion can be neglected compared to the radial inflow. Assum- 

ng one- dimensional, steady- state accretion, the structure of the 
ccretion column is determined by the conservation of mass, 
omentum, and energy (H. Inoue 1975 ; M. M. Basko & R. A.

unyaev 1976 ; P. A. Becker 1998 ). 
Following the variational derivation of H. Inoue ( 1975 ), the

ynamical equations describing the vertical structure of the mag- 
etic polar regions can be written as (see also H. Inoue 2020 ), 

d ε 

d r 
= 

3 
4 ( 

ε 
r D 

− GM 

r 2 ) , (1) 
MNRAS 546, 1–10 (2026) 
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Figur e 2. Pr ofiles of physical quantities within the magnetic polar r egions as functions of height, with differ ent colours indicating differ ent mass 
accretion rates. We adopt a stellar model with M = 1 . 4 M � and R = 10 6 cm . The first column presents the radiation energy density, mass density, and 
pr essur e, while the second column shows the corresponding velocity, optical depth, and temperature profiles. Normalization parameters are defined 
as ε 0 = GM/R , ρ0 = 3 B 

2 R/ (8 πGM) ∼ 10 2 g cm 

−3 , and P 0 = B 

2 / (8 π ) , assuming a surface magnetic field strength of B = 10 12 G . The characteristic 
temperature, T C , is calculated via T C = (ρε/a ) 1 / 4 , where a is the radiation constant. The height of the polar mound H mound ≈ 0 . 8 km . 
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d ρ

d r 
= − 3 ρ

4 ε ( 
ε 

r D 
+ 3 GM 

r 2 ) . (2) 

ere, ε is the energy density of the accreting plasma, ρ is the mass
ensity. The effectiv e phot on diffusion length r D charact erizes the
cale over which the inflowing kinetic energy is converted into
adiation via radiative drag and is given by 

 D ≡ 3 κTh ˙ M 

8 πc 
= 1 . 4 × 10 5 

( ˙ M 

10 17 g s −1 

)
cm , (3) 

here κTh is the opacity of the Thomoson scattering in the tan-
ential direction of the polar cone, ˙ M is the mass accretion rate
n to the stellar surface. The quantity r D r epr esents the distance
hat the infalling matter advances within the time it takes for
 photon to diffuse from the central axis to the surface of the
one. Equation ( 1 ) describes the evolution of the energy density,
alancing gr avitational acceler ation (GM/r 2 ) and r adiative dis-
ipation. Equation ( 2 ) governs the density stratification, where
he compressive effects of gravity compete with radiative pres-
ure support. Together, these equations determine the vertical
tructure of the accretion column and provide the foundation
or understanding the formation of the thermal mound and the
ssociated energy transport in the polar regions. 

We adopt the same boundary conditions as in H. Inoue ( 2020 ).
t the top boundary of the polar cone, we set the mass density to

top = 7 ρF (r S ) , (4) 

here ρF is the matter density in the free-fall region at radius r S .
he radiation energy density at the top boundary is given by 

 top = 

3 
4 

GM 

r S 
, (5) 
NRAS 546, 1–10 (2026) 
hich reflects the gravitational energy conversion near the shock
ront. Since both ρtop and ε top depend on the location of the top
oundary r S , we numerically integrate the dynamical equations

nwar ds fr om an assumed v alue of r S tow ards the stellar surface,
ecreasing r until the bottom boundary condition is satisfied. At
he stellar surface, the bottom boundary is determined by the
alance between the gas pressure and magnetic pressure 

 ∗ = 

ρ∗ε ∗
3 

= 

B 

2 
∗

8 π
, (6) 

here the subscript ∗ denotes the physical quantities evaluated at
he stellar surface. The location of the top boundary r S is thus iter-
tiv ely adjust ed t o ensure consist ency with this bottom boundary
ondition. 

In Fig. 2 , we show the radiation energy, mass density, pr essur e,
elocity, optical depth, and temperature as functions of the col-
mn height for different mass accretion rates. The optical depth τ

f the Thomson scattering in the tangential direction of the polar
one is given by (H. Inoue 2020 ) 

= κTh ρr�0 . (7) 

ere, the opening angle �0 of the magnetic polar region can be
ritten as (H. Inoue 2020 ) 

0 = 4 × 10 −2 
(

R 

10 6 cm 

)1 / 2 ( ˙ M 

10 17 g s −1 

)1 / 7 ( M 

M �

)1 / 14 

( μM 

10 30 G cm 

3 

)−2 / 7 
, (8) 

here μM 

is the magnetic dipole moment of the pulsar. It can be
bserved that an e xtr emely high-mass accr etion rate results in a
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aller accr etion column. Mor eover, the pr essur e and temperatur e
t the base of the column remain independent of the accretion 

ate because the magnetic pr essur e counterbalances the radiation 

r essur e. 
In particular, the temperature in the polar mound e x ceeds 

0 9 K , leading to energy losses through neutrino emission (G. 
eaudet, V. Petrosian & E. E. Salpeter 1967 ; A. D. Kaminker
t al. 1994 ). The primary mechanism for neutrino production 

s the annihilation of electr on–positr on pairs, e − + e + → ν +
¯ (G. Beaudet et al. 1967 ). A t high-temper atur e r egime the
air annihilation remains the dominant process for neutrino 
roduction with the corresponding energy losses of Q ν ≈ 4 ×
0 24 ( T 

10 10 K 

)9 erg cm 

−3 s −1 . 

.2 Calculation of the polar mound height 

 key question in ULXPs is the region capable of effectively ra-
iating neutrinos. A. A. Mushtukov et al. ( 2018 ) proposed that
trong advection at extremely high-mass accretion rates leads to 
he formation of a zone in the central region of the accretion
olumn, where the released energy is carried downwards and 

mitted as neutrinos. In their study, the height of the neutrino
mission region is determined by phot on adv ection. How ev er,
heir model did not consider the thermal mound properties, nor 
id it address how the structure and EOS of the pulsar could
ignificantly influence the thermal mound characteristics and the 
fficiency of neutrino emission. 

In this w ork, w e inv estigat e the thermal mound properties
ased on SS model (R.-X. Xu 2003 ), taking into account both the
oulomb barrier (R. X. Xu & G. J. Qiao 1999 ; J. Hu & R. X. Xu
002 ; R.-X. Xu 2014 ) and the strangeness barrier (R.-X. Xu 2014 ;
. Li et al. 2015 ; W. Wang et al. 2017 ; W.-Y. Wang et al. 2018 ). The

nflowing mat ter penetr ates the Coulomb barrier and follows the
ass conservation equation, 

˙ 
 (R M 

) = τcou 
d N n 

d t 
m p , (9) 

here ˙ M (R M 

) is the mass accretion rate at the magnetospheric
adius, m p is the proton mass, and τcou is the penetration proba-
ility, given by 

cou = exp 

[ 

−
(

E G 

E 

)1 / 2 
] 

, (10) 

ith E G = 0 . 49 MeV as the Gamow energy (D. H. Perkins 2003 ),
nd E = k B T base , where k B is the Boltzmann constant and T base 
s the base temperature of the accretion column, which depends 
n the mass accretion rate (see Table 3 ). The penetration time
f the nucleons is appr o ximately t = 0 . 01 c/ (1 /n ) 1 / 3 ≈ 1 × 10 17 s .
he number of nucleons attempting to penetrate is N n = λnSh ,
here n is the number density, h ≈ (1 /n ) 1 / 3 . S = πR 

2 
S ≈ 10 10 cm 

2 

s the cross-sectional area of the accretion column base. How ev er,
he size of the cross-sectional area of the accretion column base 
emains a topic of ongoing debate (F. K. Lamb, C. J. Pethick & D.
ines 1973 ; J. Arons & S. M. Lea 1976 , 1980 ; R. F. Elsner & F. K.
amb 1976 , 1977 , 1984 ; P. Ghosh, F. K. Lamb & C. J. Pethick 1977 ;
. C. Michel 1977a , b , c ; J. A. Petterson 1977a , b , c ; P. A. Becker
998 ; P. A. Becker & M. T. Wolff 2022 ; B. F. West, K. D. Wolfram &
. A. Becker 2017a , b ). In the works of P. A. Becker & M. T. Wolff
 2022 ), the shape of the X-ray continuum in accr etion-power ed
ulsars has been successfully fitted using the accretion column 

odel. The cross-sectional area of the accretion column in their 
odels is smaller than that in A. Asthana et al. ( 2023 ). Ther efor e,
e set the parameter λ = 0 . 01 to modify the size of the cross-

ectional area. Our results indicate that the Coulomb barrier in 

trangeon stars does not effectively prevent the inflowing matter 
rom penetrating the star. 

Furthermore, the falling matter may significantly penetrate the 
trangeness barrier, most of the falling matter would be bounced 

ack along the magnetic field lines because non-strange matter 
annot become part of strange matter unless it is converted to
trangeons via weak interaction (R.-X. Xu 2014 ; W. Wang et al.
017 ). This process is key to the formation of the thermal mound.

To estimate the thermal mound height, we first calculate the 
umber density of non-strange ions accumulated at the base of 

he polar cone. As discussed earlier, the conversion between u , d,
nd s quarks is governed by weak inter actions. Motiv ated by the
ntrinsic weak decay lifetime of strange baryons such as the �
yperon, τ� ≈ 2 . 6 × 10 −10 s , we adopt a typical weak interaction

ime-scale of t ∗weak = 10 −10 s . Under this condition, the probability
or incident ions to undergo flavour conversion into strangeons is 
stimat ed t o be η ∼ 10 −13 , assuming an inflow velocity of v i ∼
 . 01 c . The number density at the base of the polar mound is
elat ed t o the mass accretion rat e via 

T N 

n base Sh = 

˙ M (R M 

) /m p , (11) 

here the number of collisions T N 

= [(n base ) −1 / 3 /v i ] −1 . Using
quations ( 9 ) and ( 11 ), we obtain that the number density and
ass density of the non-strange normal matter at the base 

f the polar mound are n base ∼ 10 35 cm 

−3 , ρbase ∼ 10 11 g cm 

−3 ,
espectively. 

In a one-dimensional model with the area of accretion column 

ase, we can e xpr ess the pr essur e contained in the accretion col-
mn as a function of r using 

d P 
d r 

= −ρ
GM 

(R + r) 2 
, (12) 

hich is related to EOS. We consider contributions from gas pres-
ur e, radiation pr essur e, and degenerate pr essur e, as described
n B. Paczynski ( 1983 ). Using equation ( 12 ) in conjunction with
OS, we can obtain the height of the thermal mound. We note

hat magnetic pr essur e, P mag = B 

2 / (8 π ) , although important for
onfining the column globally, varies negligibly over the small 
eight of the polar mound ( H mound ≈ 1 km ). Its contribution to

he pr essur e gradient is ther efor e very small and can be safely
eglected in estimating the mound height. 
The upper panel of Fig. 3 shows the mass density of the ther-
al mound as a function of thermal mound height for differ-

nt w eak int eraction timescales, with a fixed mass accretion rate
˙ 
 = 

˙ M Edd . The thermal mound height H mound ranges from 0.7 to
 . 95 km . The lower panel of Fig. 3 shows the mass density as a
unction of thermal mound height for different mass accretion 

ates. As the mass accretion rate increases, the thermal mound 

eight becomes larger. 
The density at the base of the thermal mound in SSs is appr o xi-
ately 10 11 g cm 

−3 , while the surface density of strangeon matter
 x ceeds 10 14 g cm 

−3 , r esulting in a discontinuity in mass density
t the surface. This discontinuity reduces the number of particles 
n the polar mound region of an SS, lowering its effective heat
apacity. With thermal energy supplied by gravitational poten- 
ial energy, the reduced heat capacity leads to a sharply elevated
 emperature, which, t ogether with the high density, promotes 
fficient neutrino production. In contrast, the surface density of 
n NS is continuous and generally lower than 10 11 g cm 

−3 (D.
MNRAS 546, 1–10 (2026) 
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M

Figure 3. Mass density of the thermal mound as a function of thermal 
mound height for different weak interaction time-scales with a fixed mass 
accretion rate ˙ M = 

˙ M Edd ( upper panel ), and for different mass accre- 
tion rates with a fixed weak interaction time-scale t ∗weak = 10 −10 s ( lower 
panel ). We set magnetic field strength B = 10 12 G . 
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Figure 4. The neutrino luminosity of our work (solid line), neutrino 
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luminosity. The horizontal dashed lines show the observed luminosity for 
some ULXPs. We calculate the neutrino luminosity with t = t ∗weak and the 
magnetic field strength B = 10 12 G in our work. 
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ukherjee & D. Bhat tachary a 2012 ; D. Mukherjee 2017 ), and the
hermal mound height in NSs is significantly smaller than in SSs
D . Mukherjee, D . Bhat tachary a & A. Mignone 2013a , b ). In an
S, the same thermal energy is distributed over more matter,

esulting in a higher heat capacity and a much lower polar mound
emperatur e, r endering neutrino emission inefficient. These con-
rasts highlight the distinctive thermal and neutrino emission
roperties of SSs relative to NSs. 

 H E AT  TRANSPORT  FROM  ST RANGEON  STAR  

U R FAC E  

n this section, we discuss the heat energy transport from SS
urface. A ccor ding to our results, the temperature at the base
f the polar mound e x ceeds 10 9 K , and this thermal energy can
e transported along the SS surface to other regions. The heat
ux is related to the temperature gradient through F ourier’ s law,
 = −κ∇T , where the thermal conductivity κ is primarily de-

ermined by electron–phonon interactions. The typical value is
 . 2 × 10 20 erg K 

−1 cm 

−1 s −1 (E. Flowers & N. Itoh 1976 ; M. Yu &
. X. Xu 2009 ). 
In this w ork, w e adopt a one-dimensional appr o ximation for

he temperature gradient, ∇T � (T base − T p ) /R s , where T base is
he base temperature of the accretion column (see Table 3 ), T p �
 - 3 keV (M. Middleton et al. 2015 ; M. Kumar et al. 2025 ). Assum-
ng that the high-temperature region corresponds to the base of 
he accretion column, the luminosity associated with heat trans-
ort can be e xpr essed as 

 heat = 4 πF S ≈ 1 . 2 × 10 36 erg s −1 . (13) 

t should be noted that L heat is independent of the mass accretion
 ate. The bot tom of the thermal mound is connected to the SS
urface, allowing energy to be transported as heat. Meanwhile,
he thermal mound loses energy through neutrino emission, and
he outer regions of the accretion column also radiate energy
NRAS 546, 1–10 (2026) 
ia photons. In the following section, we discuss the neutrino
nd photon luminosities separately and compare the estimated
ux levels with the neutrino back gr ound and the sensitivities of 
urrent neutrino telescopes. 

 N E U T R I N O  F LU X  AND  DETECTION  

elying on a model of the thermal mound with high tempera-
ur e of accr eting SS, w e calculat e the neutrino luminosity, and
stimate the neutrino energy flues for different ULXPs. The total
ccretion luminosity can be written as 

 tot = 

GM 

˙ M 

R 

= L ν + L ph + L heat , (14) 

here L ph and L ν are the neutrino and photon luminosity, re-
pectively. Following the methodology of A. A. Mushtukov et al.
 2018 ) and A. Asthana et al. ( 2023 ), the neutrino luminosity is
iven by 

 ν ≈ S 

∫ H mound 

0 
Q acc (H mound )d H mound , (15) 

here H mound is the height of the thermal mound, which is de-
endent on the w eak int eraction time-scale and mass accretion
ate (see Fig. 3 ). The accretion heating rate defined by variations
f the gravitational potential energy is given by 

 acc ( H mound ) = 

˙ M 

2 S 

[
GM 

( R + H mound ) 2 

]
. (16) 

ere, we primarily consider the gravitational potential energy,
nd neglect the effect of the kinetic energy and the radiation
nergy for the radiation-dominated shock at the top of accretion
olumn. 

In Fig. 4 , we show the total, neutrino, and photon luminosity as
unctions of the mass accretion rat e. We observ e that the results
re similar in the following scenarios. At relatively low-mass ac-
retion rates ( < 10 20 g s −1 ), photons can escape from the accretion
olumn, and the neutrino luminosity remains negligible, with
he total luminosity being dominated by photons. However, at
igher mass accretion rates ( > 10 21 g s −1 ), a large region forms
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Table 2. The photon luminosity of the objects L ph , expected neutrino luminosity 
L ν , distance to the sour ce, and corr esponding neutrino energy flux F ν at Earth from 

ULXPs. We set magnetic field strength B = 10 12 G . 

Source L ph L ν d F ν

(10 39 erg s −1 ) (10 39 erg s −1 ) (Mpc) (10 −6 cm 

−2 s −1 MeV 

−1 ) 

M82 X-2 18 4.5 3.6 2.06 
NGC 5907 ULX-1 100 64 17.1 1.14 
NGC 300 ULX-1 4.7 0.58 2 0.75 
NGC 1313 X-2 20 8.3 4 2.71 
NGC 2403 ULX 1.2 0.18 3.2 0.09 
NGC 7793 P13 10 2.4 3.6 0.96 
NGC 7793 ULX-4 3.4 0.58 3.9 0.20 
NGC 4559 X-7 20 8.3 7.5 0.77 
Swift J0243.6 + 6124 2 0.22 0.007 23 475 
SMC X-3 1.2 0.18 0.062 244 
RX J0209.6 −7427 1.6 0.17 0.06 246 
M51 ULX-7 4 0.58 8.6 0.04 
M51 ULX-8 2 0.22 8.58 0.015 
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Table 3. The base temperature of accretion column T base , expected 
neutrino luminosity L ν , distance to the source, and corresponding 
neutrino energy flux F ν of the brightest source, NGC 5907 ULX-1 with 
the differents magnetic fields. 

B T base L ν d F ν

(G) (10 9 K) (10 39 erg s −1 ) (Mpc) (10 −6 cm 

−2 s −1 MeV 

−1 ) 

10 12 3 64 17.1 1.14 
10 13 10 139 17.1 2.64 
10 14 32 216 17.1 4.12 
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her e photons ar e tr apped, and energy is tr ansport ed t o regions
ooled by neutrinos, leading to a total luminosity that e x ceeds
he photon luminosity. Furthermore, as the mass accretion rate 
ncreases, most of the energy is conv ert ed int o neutrinos, causing
he photon luminosity growth to slow. The photon luminosity 

ay approach an upper limit of around 10 41 erg s −1 . 
For comparison with the NS model, we also compute the neu-

rino luminosity from the accretion column using equation (1) of 
. Asthana et al. ( 2023 ) (dashed lines in Fig. 4 ). At relatively low-

ccretion rates ( < 10 20 g s −1 ), the SS model predicts moderately
igher neutrino fluxes for Swift J0243.6 + 6124, RX J0209.6 −7427, 
nd SMC X-3, e x ceeding the r esults of A. Asthana et al. ( 2023 )
y factors of ∼2 - 5 . In contrast, for ULXPs, the SS model yields
eutrino fluxes that are comparable to or lower than those of the
S model, with typical reductions of � 2 and up to a factor of ∼5

or e xtr eme sour ces such as NGC 5907 ULX-1. This comparison
uggests that, within the SS framework, nearby Be X-ray binaries 
e.g. Swift J0243.6 + 6124 and RX J0209.6 −7427) are more promis-
ng neutrino sources than ULXPs. 

The possibility of neutrino detection on Earth depends not 
nly on the neutrino flux but also on the species composition
nd spectral distribution of the neutrinos. The dominant process 
f neutrino emission from the annihilation of electr on–positr on 

airs. 
We neglect neutrino oscillations in the vicinity of the X-ray 

ource due to the significant uncertainty in the geometry of the
ccretion column and its small extent. The spectra of different 
eutrino flavours are assumed to be the same, as the kinemat-

cs of the annihilation process are identical (see for example, A. 
sthana et al. ( 2023 ) for a detailed discussion). 
The photon luminosity of the sour ces, e xpected neutrino lumi-

osity, distance to the source, and corresponding neutrino energy 
ux at Earth from ULXPs are summarized in Table 2 . It is evident

hat the inferred neutrino luminosity of Swift J0243.6 + 6124 is
ignificantly higher than that of NGC 5907 ULX-1, primarily due 
o the large difference in their distances. Swift J0243.6 + 6124 is
ocated at only 0.007 Mpc, while NGC 5907 ULX-1 lies at 17.1

pc. Since the observed neutrino flux decreases with the square 
f the distance, this naturally results in a discrepancy of nearly 
our orders of magnitude. Except for Swift J0243.6 + 6124, all de-
 ect ed ULXPs ar e e xtrag alactic, leading to substantial attenua-
 r
ion of their signals due to their large distances. We discuss the
ossibility of neutrino detection from Swift J0243.6 + 6124, for 
hich the neutrino flux at Earth is expected to be the highest. For

arious ULX Pulsar sources, the proposed model encompasses 
 broad range of neutron star surface magnetic field strengths,
rom 10 11 to 10 14 G (F. Fürst et al. 2016 , 2018 , 2023 , 2025 ; A. King
t al. 2023 ). In Table 3 , we present the effects of the magnetic field
n the neutrino luminosity and corresponding neutrino energy 
ux for NGC 5907 ULX-1. The neutrino luminosity and corre- 
ponding neutrino energy flux change with increasing magnetic 
eld strength, and we hope that other sources will exhibit similar
roperties. 
To estimate an upper limit on the neutrino contribution from 

he broader ULXP population, we adopt a simple scaling ap- 
r oach. Curr ent observational constraints suggest that there are 
ppr o ximately ∼7 - 30 ULXPs in the Milky Way (Y. Shao & X.-
. Li 2015 ; S.-J. Gao, X.-D. Li & Y. Shao 2022 ; L. Li et al. 2024 )
nd ∼384 - 629 ULX candidates in nearby galaxies (H. P. Earn-
haw et al. 2019 ; K. Kovlakas et al. 2020 ). Under the simplifying
ssumption that these systems share similar intrinsic properties, 
e scale the neutrino flux of Swift J0243.6 + 6124 by a factor of 
7 - 30 to r epr esent the Galactic contribution, and the flux of NGC

907 ULX-1 by a factor of ∼384 - 629 to r epr esent the contribution
r om nearby g alaxies. We emphasize that this pr ocedur e does not
onstitute a population-synthesis calculation, but rather provides 
n optimistic upper-limit estimate of the total neutrino flux. Re- 
ent the Large High Altitude Air Show er Observat ory (LHAASO)
esults indicating ∼10 Galactic ULXs are consistent with this 
MNRAS 546, 1–10 (2026) 
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M

Figure 5. The energy spectrum of neutrino background at Earth in the 
energy range from 10 4 to 10 12 eV. The back gr ound component of the 
neutrino flux includes contributions from atmospheric neutrinos, nuclear 
reactors, old supernovae, and geoneutrinos. These data were taken from 

E. Vitagliano, I. Tamborra & G. Raffelt ( 2020 ). The open solid rectangles 
show the neutrino fluxes predicted by the SS model in the MeV energy 
band. For PULXs, Case A corresponds to Swift J0243.6 + 6124 and RX 

J0209.6 −7427, while Case B includes NGC 5907 ULX-1 and M51 ULX- 
8. The open dashed rectangles represent the neutrino fluxes of Be X-ray 
pulsars and ULX pulsars, respectively, with values taken from A. Asthana 
et al. ( 2023 ). 
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stimate within current uncertainties (LHAASO Collaboration
024 ; S. Kaci et al. 2025 ; E. Peretti et al. 2025 ). 

In Fig. 5 , we present the predicted neutrino background spec-
rum at Earth, covering the energy range from 10 4 to 10 12 eV.
eutrinos generated via electron–positron pair annihilation pri-
arily occupy the MeV band and are initially dominated by

lectron neutrinos and antineutrinos. Therefore, we adopt an
nergy range of 0.1–10 MeV, which is appropriate for neutrinos
roduced via pair annihilation. The open solid rectangles de-
ote the neutrino flux es pr edicted by the SS model. For PULXs,
ase A corresponds to Swift J0243.6 + 6124 and RX J0209.6 −7427,
hile Case B includes NGC 5907 ULX-1 and M51 ULX-8. The

orr esponding neutrino flux es ar e listed in Table 2 . The open
ashed r ectangles r epr esent the neutrino flux es of Be X-ray pul-
ars and ULX pulsars, r espectively. Compar ed with the NS model
A. Asthana et al. 2023 ), we find that the neutrino energy fluxes
redicted by the SS model are broadly similar to those of the NS
odel. 
The predicted neutrino flux spectra at Earth from the two

LXPs ( Swift J0243.6 + 6124 and NGC 5907 ULX-1) are shown
n Fig. 5 . The focus on these two systems is motivated by their
istinct observational advantages. As discussed earlier, the ob-
ervable neutrino flux decreases with the square of the distance.
wift J0243.6 + 6124 is by far the closest ULXP and ther efor e r epr e-
ents the most promising target for potential neutrino detection.
onversely, the neutrino flux is positively correlated with the

ource luminosity, and NGC 5907 ULX-1 is one of the bright-
st ULXs known, with an X-ray luminosity reaching 500 L Edd .
hese considerations make the two sources representative of the
ost fav ourable det ection scenarios among currently confirmed
LXPs. 
Even if additional nearby sources similar to Swift

0243.6 + 6124 exist but are beamed away from Earth, their
eutrino emission would not be observable. Ther efor e, the

otal neutrino flux from Galactic ULXPs remains low compared
NRAS 546, 1–10 (2026) 
ith the diffuse back gr ound, and no significant detection is
xpected with current neutrino observatories. This highlights
wift J0243.6 + 6124 as the most promising individual target for
eutrino detection. 

 SUMMARY  AND  DISCUSSION  

n this paper, we ha ve in vestigated the structure and emission
r operties of accr etion columns in ULXPs, focusing on the role of 
he thermal mound that forms at the base of the column on an SS.
sing a one-dimensional appr o ximation for the temperature gra-
ient and a detailed treatment of the Coulomb and strangeness
arriers, w e calculat ed the height and physical properties of the
hermal mound, including mass density, pr essur e, and temper-
tur e. Our r esults indicate that the thermal mound can r each
eights of 0 . 7 - 0 . 95 km , with base temperatures exceeding 10 9 K ,
ufficient to produce significant neutrino emission via electron–
ositron annihilation. 
We find that at relatively low-mass accretion rates

 < 10 20 g s −1 ), photons can escape freely from the accretion
olumn, and the total luminosity is dominated by photon
mission, while neutrino luminosity remains negligible. At
igher mass accretion rates ( > 10 21 g s −1 ), photon trapping
ecomes significant, and energy is transported to regions cooled
y neutrinos, resulting in a total luminosity that can exceed
he photon luminosity. To compare with the NS model, we also
ompute the neutrino luminosity from the accretion column
sing equation (1) of A. Asthana et al. ( 2023 ). At relatively low-
ccretion rates ( < 10 20 g s −1 ), the SS model predicts moderately
igher neutrino fluxes for Swift J0243.6 + 6124, RX J0209.6 −7427,
nd SMC X-3, e x ceeding the r esults of A. Asthana et al. ( 2023 )
y factors of ∼2 - 5 . In contrast, for ULXPs, the SS model yields
eutrino fluxes that are comparable to or lower than those of the
S model, with typical reductions of � 2 and up to a factor of ∼5

or e xtr eme sour ces such as NGC 5907 ULX-1. Furthermor e, the
uminosity associated with heat transport along the SS surface
s estimat ed t o be L heat ∼ 1 . 2 × 10 36 erg s −1 , independent of the

ass accretion rate. 
Within the framework of the SS model, our results indicate that

he predicted neutrino flux at Earth is extremely low due to large
istances for most e xtrag alactic sour ces, with the notable e x cep-
ion of Swift J0243.6 + 6124, the closest ULXP, where the neutrino
ux could reach F ν ∼ 2 . 3 × 10 −2 MeV cm 

−2 s −1 . How ev er, ev en
nder optimistic parameter choices, the predicted fluxes remain
elow the diffuse MeV neutrino back gr ound. Related discussions
f neutrino emission from accreting neutron stars can also be
ound in the literature, for example in A. Asthana et al. ( 2023 ). 

Concerning prospects for point-source detection, the quanti-
ative results shown in Fig. 5 indicate that the expected neu-
rino flux es fr om Swift J0243.6 + 6124, RX J0209.6 −7427, NGC
907 ULX-1, and M51 ULX-8 typically lie one to two orders of 
agnitude below the diffuse back gr ound level in the relevant

nergy range. Ther efor e, ev en for the closest and bright est sys-
ems currently known, the signal would be strongly background-
ominated. A rough implication of our results is that only sources
t distances of order � 1 kpc , and with comparably high luminosi-
ies, might approach the threshold of potential detectability, al-
hough such a detection remains highly challenging with present
nstruments. 

This study highlights the importance of considering the de-
ailed structure of the thermal mound and EOS of SSs in mod-
lling high-luminosity accretion flows. While photon emission
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ominates at low-accretion rates, neutrino emission can become 
he primary cooling channel at e xtr eme accr etion rat es, pot en-
ially affecting the interpretation of observed ULXP luminosities. 
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