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QUASI-PERIODIC OSCILLATIONS AROUND COMPACT OBJECTS WITHIN
THE SEN SPACETIME

We investigate kilohertz (kHz) quasi-periodic oscillations (QPOs) observed in eight neutron-
star low-mass X-ray binaries within the framework of the relativistic precession model (RPM).
Fundamental (epicyclic) frequencies of test particles on circular orbits are computed in the static
Sen spacetime. By fitting the Keplerian and epicyclic frequencies to the observed lower and upper
QPO frequency pairs, (f1, fy), we infer the masses and electric charges of the compact objects
and compare the results with those obtained in the Schwarzschild spacetime using the Akaike
and Bayesian information criteria (A/C/BIC). We find that the Schwarzschild geometry provides
physically consistent fits for four sources, while for GX 5-1 and GX 340+0 the Sen spacetime
becomes effectively indistinguishable from Schwarzschild, indicating that no electric charge is
required. Although the Sen metric yields statistically improved fits for the remaining four sources,
the inferred large masses as well as large electric charges are incompatible with neutron-star
physics. We therefore conclude that the static Sen spacetime does not provide a physically viable
description of kHz QPOs in neutron-star systems.

Keywords: accretion discs, QPOs, black holes, neutron star, X-ray binaries, relativistic
precession model.
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CeH KeHiCTiK-yaKbITbIHAaFbl LIAaFblH HbiCaHAAp alHaNacbiHAAFbI
KBa3mnepuoAaTbiK Tepbenictep

Bbyn makanaga penaTMBUCTIK NpeLeccua moaeni weHbepiHae ceriz HEMTPOH XKyAabli3bl 6ap
TOMEH MacCafibl PEHTTEHIK KOC KYAAbI3AbIK Kyhenepae 6alikansaH Kunoreputik (KIw)
KBasuMnepuoAaTbiK Tepbenictepai (KMT) 3epTrenreH. eHrenek opbutanapmeH KosfanaTbiH CbIHaK,
HenleKTepiHiH Heri3ri (3NUUUKAAIK) KMiNikTepi cTaTMKanbiK CeH KeHiCTik-yaKkbITbiHAa ecentens,.
Kennepnik KaHe anUUMKALIK XWinikTepai 6aKkplnaydaH anblHFAH TOMEHTI XaHe »Kofapfbl KMT
MUINIK KynTapbiMeH (f7, fy) CoMKecTeHAipy apKbiabl WafblH HbICAHAAPABIH, Maccanapbl MeH
3NEKTP 3apsaaTapblH - aHbiKTanabl. COHbIMEH KaTap AKalKe XaHe balec aknapatTbiK
Kputepuiinepin (AIC/BIC) kKonaaHa oTbipbin LUBapLULLNAbAL KEHICTIK-yaKbITbIHAaFbl HOTUMKENEPMEH
canbicTbipblnabl. LBapuWnaba, FEOMETPUACH TOPT AEPEKKO3 VIUiH U3MKaNbIK TypFblaaH
ynnecimai HaTuxe KepceTTi. An GX 5-1 »aHe GX 340+0 ywiH CeH meTpuKachl LBapulumnba,
FEOMETPUACBIMEH KYbIK 601aTbiHbl aHbIKTaNAbl, AFHM OYA WafblH HblCAHAAP YLWIiH 31eKTp
3apAdblH eHri3yaiH KaxeT emecTirii bingipeai. KanfaH TepT Aepekkes yuiH CeH MeTpuKacsl
CTAaTUCTUKANbIK TYPFbIAH *KaKCbIpaK CaMKecTik bepreHimeH, anbiHFaH YIKEH Maccasap MeH Y/KeH
3NEKTP 3apaaTapbl HEMTPOH KyNAbI3AaPbIHbIH, GU3MKackiHa cakec keamenai. Ocblnaiiia, 6i3
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CTaTWKanblK CeH METpUKACbl HEMTPOH *KyaAabl3 Ryhenepinaeri KMy KMNT-4i dmsmKanblk TypFblaaH
AYPbIC cMNaTTal aiManapsl AereH KOpbITbIHAbIFA KENEMI3.

TyW/iH ce3pep: akKpeumAblK AMCKiNep, KBa3mMnepunoAaTbik Tepbenictep, Kapa Kypabimaap,
HEWTPOH *KYAAbl34apbl, PEHTTEHAIK KOC KYNAbI3AbIK XKynenep, penaTuBUCTIK NpeLeccua moaeni.
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KBasnnepuogmnyeckme ocUMNNALMM BOKPYT KOMNAKTHLIX O6bEKTOB
B NpocTpaHcTBe-BpemeHn CeHa

B naHHoM paboTe mccnesoBaHbl Kuaoreplosble (KM) KBasunepnoamyeckme ocLMANALMN
(KNO), Habntoaaemble B BOCbMW PEHTFEHOBCKUX ABOMHbIX CUCTEMAX C HEMTPOHHbIMM 3BE3AaMM
HWU3KOM MacChl, B pamKax MOAenn PenaTUBUCTCKOM npeueccun. OCHOBHbIE (3MMUMKAMYECKMeE)
YacTOTbl TECTOBbLIX YaCTUL, Ha KPYroBbiX OpOUTaxX BbIYMCAAOTCA B CTAaTMYECKOM MPOCTPAHCTBE—
BpemeHu CeHa. MyTEM MOArOHKM KEMAEPOBCKMX U 3MNUUMKAMYECKMX YACTOT K Habatogaembim
napam HW3KMX ¥ BbicoKMx YacToT KMO (f, fy) Mbl onpefensiem macchbl U 31EKTPUYECKME 3apaapl
KOMMaKTHbIX OOBEKTOB M CPaBHMBAEM PE3y/bTaTbl C NOJYYEHHbIMW B MPOCTPAHCTBE—BPEMEHN
Weapuwnabaa ¢ MCNONb30BAHMEM MHPOPMALMOHHBIX KpuTepues Akanke u baieca (AIC/BIC).
Mbl HaxoAmm, 4To reomeTpuma LLBapuwmabaa A3ET GU3MYECKM COTrNAacOBaHHbIE annpoKCMMALLMM
ONA 4YeTbIpEX MCTOYHMKOB, Toraa Kak gna GX 5-1 n GX 340+0 npocTtpaHcTBo—Bpema CeHa
CTAHOBMWTCA NMPAKTUYECKU HEOTAMYMMbIM OT LLIBapuLLIMALA0BCKOTO, YTO YKa3blBAaET Ha OTCYTCTBME
HeobXoAMMOCTM  BBOAMTb INEKTPUYECKMM 3apsagd. XoTa MeTpuka CeHa obecneymBaeT
CTAaTUCTMYECKM DOoslee TOYHbIe MOAFOHKM ANA OCTaBLIMXCA YETbIPEX UCTOYHMKOB, MOJYYEHHbIE
6onblne maccbl U BonblUMe INEKTPUYECKME 3apsbl HECOBMECTUMbI C GU3MKOM HENTPOHHbIX
38é34. CnefoBaTelbHO, Mbl 3aK/OYaeM, YTO cTaTMyeckad MeTpuka CeHa He [aéT dM3MYeCcKM

peanncTuyHoro onmncaHma Ky KMO B cuctemax ¢ HEUTPOHHbIMM 3BE34aMMU.
Knioyesble €/0Ba: aKKpeuMOHHble AWCKW, KBasunepuoauyeckme OCUMANALMK, YEPHble
Oblpbl, HENTPOHHblE 3BE3Mbl, PEHTTEHOBCKME [BOMHbIE CUCTEMbI, MOAENb PENATUBUCTCKOM

npeueccuu.
Introduction

Rotating neutron stars, commonly observed as
pulsars, can exist either as isolated objects or as
members of binary systems. In binaries, accretion
from a companion star can significantly increase both
the mass and the spin of the neutron star, as angular
momentum is transferred through the accretion flow.
As a result, pulsars in LMXBs can reach spin
frequencies of several hundred hertz, with the fastest
known pulsar rotating at 716 Hz [1]. These rapidly
rotating neutron stars provide natural laboratories for
studying gravity and dense-matter physics in the
strong-field regime.

Quasi-periodic oscillations (QPOs) appear as
narrow peaks in the Fourier power spectra of X-ray
light curves and were first identified in cataclysmic
variables [2]. They have since been widely observed
in neutron-star and black-hole LMXBs [3,4], as well

as in ultraluminous X-ray sources and active galactic
nuclei (e.g. [5-8]). In many systems, the measured
QPO frequencies indicate that the oscillations
originate in the innermost regions of the accretion
flow, close to the compact object, making QPOs
sensitive probes of strong-gravity effects [9].
However, their diagnostic potential remains limited
by the absence of a universally accepted physical
model of their origin.

In neutron-star LMXBs, QPOs are commonly
classified into low- and high-frequency types. Low-
frequency QPOs typically span the range from about
0.1 to 60 Hz and, in Z sources, are traditionally
divided into horizontal, normal and flaring-branch
oscillations [10-12]. Although Atoll sources do not
follow the same colour—colour diagram tracks [13],
they exhibit analogous low-frequency QPO features
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[14]. By contrast, High-frequency QPOs lie in the
300-1000 Hz range and are therefore known as
kilohertz (kHz) QPOs [3]. These often appear as a
pair of peaks, referred to as the upper and lower kHz
QPOs, whose frequencies typically increase with X-
ray flux. Several neutron-star LMXBs display such
twin kHz QPOs, which are believed to be generated
in the innermost regions of the accretion disk [9]. In
this work, we focus on these systems and use their
QPO properties to test gravity models in the strong-
field regime.

We deliberately adopt the static Sen spacetime in
order to isolate the physical effect of the string-
inspired electric charge on the QPO phenomenology
[15]. Although the rotating Sen solution contains both
spin and charge, the simultaneous presence of these
two parameters introduces a strong degeneracy in
QPO modeling [16]. By setting the spin to zero, we
show that the Sen charge alone can reproduce the

Sen spacetime

The geometry of the Sen spacetime is given by
the metric of the form [21]:

1 2b
2 _ 2 2 2 2
ds® = —N(r)dt +—N(T)dr +r (1+ r)d@

2b
+ 7?2 (1 + T) sin? 6 d¢?,

N(r) = [1 - w] (1 + Zr—b)_l,

€y

2 ~
here b = S—M, where ( denotes the electric charge of

the compact object (in what follows, we set Q = g),
M represents its gravitational mass. The radius of the
event horizon is obtained from the condition N(r) =
0, which yields
m = 2(M — b). (2)
The t and ¢ components of test particle's 4-
velocity may be expressed

ut:M’ ¢=_M_ 3)
Ite — 9tt9ee Ite — Gtt9ee

Employing the normalization condition of the

four-velocity, u#u, = —1, one obtains the following:

grrf'z + 99992 == eff(ri 9) E) L)) (4)

observed QPO frequencies and mimic the
phenomenology of a rotating Kerr black hole. This
strategy allows us to directly assess whether QPO
observations can discriminate between classical
rotation and string-theoretic corrections to gravity.

This work examines the circular and epicyclic
motion of test particles around a compact object and
evaluates the fundamental frequencies predicted by
several metric models. We also analyze the QPOs
observed in eight neutron-star sources: Cir X-1, GX
5-1, GX 17+2, GX 340+0, Sco X-1, 4U1608-52,
4U1728-34, and 4U0614+091 [17-20]. Our primary
goal is to investigate the Sen metric, charged solution
arising in the low-energy limit of heterotic string
theory. Throughout this paper we adopt the (-, +, +,
+) signature and use geometric units (G = c = 1),
providing astrophysically relevant expressions also in
physical units.

dr s g _de
TR 0=u"= TR the parameter A

is the affine parameter along the geodesic,
corresponding to the proper time for a massive test
particle. The effective potential V,rr can then be
written as

Wherer = u" =

E’gpp + 2ELgrp + L2 e

9tp = IttIow

From these relations, one can obtain the
Keplerian angular velocity of massive test particles-
equal to the azimuthal orbital frequency-as well as the
corresponding general expressions for the specific
energy and the orbital angular momentum per unit
mass for particles moving on circular trajectories.

0 =

_argt(p + \/(argnp)z - (argtt)(argqxp)

¢ 0r9p¢
(6)
—Gee + Grol
E=_ gt T Gepiie ’ %)
\/_gtt - th(pﬂtp - gqo(pﬂé
L= Gip + Joplle G

\/‘91&1& — 20tp{p — g<p<p‘0<§)

where “+” indicates co-rotating(prograde) orbits and
“~” denotes counter-rotating (retrograde) orbits.
Because the metric is static (g;, = 0), all expressions
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for 2, E, and L take their simplified forms obtained
by setting g;, =0 in the general axisymmetric
formulas.

The frequencies of epicyclic motion
The radial and vertical frequencies can be

calculated by the following harmonic oscillator
equations [22]

d?sr d?s6
T H R =0, — -+ 0386 =0, (9)
here
02 1 aZVeff, (10)
" 29, (ut)? or?
1 2%V,
0% = 221 (11)

 2g09(wb)? 962

Using the Sen metric line element given in Eq.
(1), together with the general expressions for the
conserved energy and angular momentum in Egs. (6)-
(8), the specific energy E, the specific angular
momentum L, and the temporal component of the
four-velocity u' for massive particles on circular
equatorial orbits can be written in explicit form as

o QHaMo—2M) [P+ BMr a2
-~ JoZ+amr vE
= 2V2Mry/Q? + 4Mr (13)

TF ,

Data analysis and results

To estimate the model parameters, we apply a
nonlinear least-squares fitting procedure
implemented through the NonlinearModelFit routine
of the Wolfram Language (Mathematica). This
method, based on a Levenberg—Marquardt—type
algorithm, is well suited for nonlinear dependencies
between observables and model parameters. Similar
fitting techniques have been widely used in
astrophysical studies, including pulsar spectral
modelling [24], broadband Faraday-rotation analyses
of AGN [25], radio-background calibration [26], and
cosmological parameter estimation [27]. The routine
returns the best-fitting parameter values along with
statistical ~ uncertainties and  goodness-of-fit

(@ + 4Mr)(Q% + 8M1)
_ = _

The corresponding Keplerian and vertical
epicyclic frequencies are identical in the non-rotating
Sen spacetime and are given by

t

(14)

. 128M*
2y =05 =53 2002 .
(Q? + 4Mr)?(Q? + 8Mr)

(15)

The radial epicyclic frequency, governing the
stability of circular motion against radial
perturbations, takes the form

NZ[Q*(F + 16M?r?) + 64M3r%(r — 6M)]

n? )
4Mr(Q? + 4Mr)?

(16)
where the auxiliary function F is defined as
F=Q*-96M3r + 12Q*Mr

— 8M?%(Q? — 4r?), 17)

and the Keplerian, radial epicyclic, and vertical
oscillation frequencies are defined as

0 0
. fo =5

=—, 18
" 2m 2m (18)
Within the relativistic precession model (RPM), the
lower QPO frequency f; is identified with the
periastron—precession frequency [23]

fo=fu—fo (19)
while the upper QPO frequency f;; corresponds to the
Keplerian frequency, fy = f,.

diagnostics, enabling a reliable assessment of the
physical plausibility of the model.

To constrain the parameters of the Sen
spacetime, we perform a simultaneous nonlinear
least-squares fit of the model-predicted upper and
lower kHz QPO frequencies to the observed data. For
each observation k we compare the measured pair
(fu.obs,k» fLobs,xk) With the corresponding theoretical
predictions fy; (13, @) and f; (13, ©) derived from the
orbital and radial epicyclic frequencies of the Sen
metric. The best-fitting parameter set (0 = M, Q) is
obtained by minimising the y? function in Eq. (20)
using a nonlinear least-squares routine based on the
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Mathematica function NonlinearModelFit. The
procedure yields the optimal values of the spacetime
parameters together with their formal uncertainties
and the reduced chi-square, which we use to assess
the quality of the fit and the viability of the QPO
model.

Ve = fu]
= Oy .k

oy k denote the statistical uncertainties of the upper
and lower kHz QPO frequencies at the k -th
observation.

To further assess the quality of the fits and to
compare different QPO models, we compute two
commonly used statistical criteria: the Akaike
Information Criterion (4/C) and the Bayesian
Information Criterion (BIC). Both criteria penalize

The BIC introduces a stronger penalty for model
complexity and is given by

BIC = x*>+ilnN, (22)

where N is the total number of observational data
points used in the fitting (i.e., the number of QPO
frequencies included in the analysis).

Lower values of A/C and BIC indicate a more
favourable model. These criteria enable us to evaluate
whether the improvement in y? justifies the
introduction of additional parameters and therefore
provide an objective basis for comparing alternative
QPO models in the Sen spacetime.

When comparing different models, the strength
of the evidence against a given model - or,
equivalently, in favour of the reference model - can
be evaluated through the B/C and the A/C difference.
In particular,

models with a larger number of free parameters and e AAIC and ABIC € [0,3] indicates weak
therefore provide a quantitative tool for model evidence,
selection. e AAIC and ABIC € [3,6] indicates mild
The AIC is defined as evidence,
e AAIC and ABIC > 6 indicates strong evidence.
AIC = x? + 2i, (21)

where y? is the minimum chi-square value obtained
from the fit and i is the number of free model
parameters.

Accordingly, the preferred model is the one with
the lowest 4IC(BIC) value, although each case must
be examined individually. By definition, the
reference model has AAIC(BIC) = 0.

Table 1 — Best-fit parameters for the Schwarzschild and the Sen spacetimes.

Source Metric M(MO) Q AlIC BIC AAIC ABIC

Cir X1 Schwarzschild 2.04 — 103 102 0 0
Sen 5.22 21.57 105 104 2 2
GX 5-1 Schwarzschild 2.16 — 213 211 0 0
Sen 2.16 -1310° 216 213 3 3
GX 17+2 Schwarzschild 2.31 — 126 125 0 0
Sen 2.71 5.45 129 127 3 3
GX 340+0 Schwarzschild 2.10 - 124 123 0 0
Sen 2.10 3.1110° 126 125 2 2

Sco X1 Schwarzschild 1.96 — 476 472 209 215
Sen 7.09 29.14 267 257 0 0

4U1608-52  Schwarzschild 1.96 — 143 141 27 27
Sen 6.76 27.67 116 114 0 0

4U1728-34  Schwarzschild 1.71 — 86 86 10 10
Sen 6.64 27.46 76 76 0 0

4U0614+091 Schwarzschild 1.90 — 252 250 48 50
Sen 8.23 34.28 204 200 0 0
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Figure 1 — Plots of f; vs fy frequencies of the QPO data sets considered in this work
(dark cyan data with error bars).

Discussion

In this work we have applied the relativistic
precession model in the non—rotating Sen spacetime
and compared its predictions with those of the
Schwarzschild metric for the same set of kHz QPO
data from eight LMXB sources. The bestfit
parameters summarized in Table 1 allow us to discuss
both the statistical performance of the Sen model and
the physical plausibility of the inferred masses and

charges. Using the best-fit parameters listed in Table
1, the quality of the resulting frequency relations is
illustrated in Fig. 1, where the observed (f;, fyy)data
for all eight sources are compared with the
predictions of the Schwarzschild and Sen spacetimes.

For the sources Cir X-1, GX 5-1, GX~17+2 and
GX 340+0 the Schwarzschild metric provides the
lowest AIC and BIC values, while the Sen spacetime



Quasi-periodic oscillations around compact objects within the Sen spacetime

yields only a marginal deterioration of the fit quality
(with AAIC,ABIC < 3). In two cases, GX~5-1 and
GX~340+0, the best—fit charge is extremely small
and compatible with zero within the numerical
accuracy of our analysis, so that the Sen solution
effectively reduces to the Schwarzschild one. For
Cir~X-1 and GX~17+2 the Sen model prefers higher
masses and non—vanishing charge, but the
improvement with respect to the neutral case is not
statistically significant according to standard
information—criterion thresholds. These results
indicate that, for these four systems, the available
QPO data do not require the presence of a non—zero
electric charge: Schwarzschild geometry already
reproduces the observed frequency pairs at a level
comparable to the charged Sen spacetime.

A markedly different behavior is found for
Sco~X-1,  4U~1608--52,  4U~1728--34  and
4U~0614+091. For these sources the fits in the Sen
metric lead to substantially lower A/C and BIC values
than in the Schwarzschild case, with AAIC and ABIC
well above 6. In the usual interpretation of these
criteria, such differences correspond to strong
evidence in favour of the Sen spacetime.
Nevertheless, the resulting fit requires masses in the
range M = 6 — 8M(; together with substantial charge
values Q. If the compact objects in these systems are
indeed neutron stars, as suggested by independent
observational arguments (burst properties, spectral
states, and, in some cases, spin measurements), such
large masses are difficult to reconcile with standard
equations of state and with the commonly accepted
upper limit for neutron star masses of about 3.2M,
(see, e.g.,[28]). In this sense, the Sen fits for Sco X-1,
4U 1608-52, 4U 1728-34 and 4U 0614+091 are
statistically very good, but they tend to push the
system parameters into a regime that is more typical
of stellar—mass black holes than of neutron stars.

This tension between statistical preference and
physical consistency is also apparent when our
findings are confronted with previous analyses based
on different space times. In the Hartle—Thorne study
of the same QPO sample [29], it was shown that
including spin and quadrupole moments can slightly
improve the description of some sources, but only a
subset of the best—fit configurations remains
compatible with realistic neutron star parameters
once priors on the dimensionless spin j are imposed.
For instance, restricting j to the range expected for
slowly rotating neutron stars leads to acceptable
solutions mainly for a few sources, while allowing
very large j often produces unphysical masses. In that
analysis the Schwarzschild metric already provides

10

robust and stable mass estimates for most systems,
whereas the extension to Hartle-Thorne geometries
mainly highlights the degeneracy between spin and
quadrupole parameters and the limited constraining
power of current QPO data. Our analysis in the Sen
spacetime reveals an analogous pattern: the
introduction of an additional parameter (the charge)
can significantly lower the 4/C/BIC values for some
sources, but the corresponding masses and charges
are often too extreme to be comfortably identified
with a canonical neutron star.

It is also instructive to compare our findings with
the original formulation of the relativistic precession
model for Sco X-1 and 4U 1608-52 [23]. In that work,
the observed pairs of kHz QPOs were successfully
interpreted as the azimuthal and periastron precession
frequencies of test particles orbiting close to the
innermost stable circular orbit in a Schwarzschild (or
slowly rotating) spacetime, yielding neutron star
masses of the order of ~ 2M, and demonstrating that
the QPOs probe the strong-field regime of general
relativity. In contrast, when the same sources are
reanalyzed in the Sen spacetime, we obtain a
significantly better statistical fit at the price of
inferring masses exceeding 6M. This suggests that
if Sco X-1 and 4U 1608-52 indeed host neutron stars,
either the simple identification of the kHz QPOs with
geodesic frequencies must be revised, or the Sen
metric is not the appropriate effective description of
their exterior gravitational field.

Overall, our study points to a twofold
conclusion. On the one hand, the QPO data for several
LMXBs can be reproduced extremely well in the Sen
spacetime, and information criteria clearly favour this
geometry over the Schwarzschild one for four
sources. On the other hand, the corresponding best—
fit parameters are often difficult to reconcile with the
neutron star interpretation, in agreement with
previous indications that current QPO data alone are
insufficient to uniquely determine both the space—
time metric and the stellar parameters [19, 23, 28,
291}. Future work should therefore include (i) a joint
treatment of rotation and charge in the full Kerr-Sen
spacetime, (ii) the incorporation of independent mass
and radius constraints from spectroscopy and pulse
profile modelling, and (iii) possible extensions of the
RPM that account for non—geodesic effects in thick
or magnetized accretion flows. Only by combining
these ingredients will it be possible to assess whether
QPOs can provide robust constraints on the
parameters of Sen black holes or whether the charged
dilatonic extension of general relativity remains
disfavoured in realistic neutron star systems.
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Conclusions

In this work, we have investigated the
applicability of the relativistic precession model to
the non-rotating Sen spacetime and tested its ability
to reproduce the observed kHz QPOs from eight
neutron-star LMXBs. By fitting the theoretical
expressions for the Keplerian, radial epicyclic and
vertical frequencies to the measured pairs f;, f;, we
inferred the corresponding masses and electric
charges of the compact objects and compared the
statistical performance of the Sen metric with that of
the Schwarzschild geometry.

Our analysis leads to several key conclusions.
First, for four sources (Sco X-1, 4U 1608-52, 4U
1728-34 and 4U 0614+091), the Sen spacetime
provides a substantially better statistical description
of the QPO data, yielding markedly lower AIC/BIC
values than Schwarzschild. However, corresponding
best-fit masses, M =~ 6 — 8M,, together with large
charge values, are incompatible with a neutron-star
interpretation. Thus, although the Sen geometry
succeeds statistically, it fails to provide physically
acceptable stellar parameters for these systems.
Second, for the remaining four sources (Cir X-1, GX
5-1, GX 1742 and GX 340+0), the improvement
produced by the Sen metric is negligible or absent. In
two of these systems (GX 5-1 and GX 340+0), the
best-fit charge is essentially zero, indicating that the
Sen solution naturally reduces to the Schwarzschild
limit. For Cir X-1 and GX 17+2 the Sen model
introduces non-zero charge and larger masses, but
without a statistically significant gain. Therefore, for

Author Contributions:

these sources the Schwarzschild geometry remains
fully adequate.

Taken together, these results show that although
the Sen spacetime provides additional flexibility in
adjusting the QPO frequency relation, this flexibility
generally drives the inferred stellar parameters
beyond the allowed range for neutron stars. When the
Sen model fits extremely well, it does so at the
expense of physical plausibility. This trend is
consistent with previous studies based on other
deformed or extended metrics, which similarly find
that geodesic QPO models can formally fit the data
but do not yield a wuniversal and physically
meaningful description across all LMXBs.

Overall, our findings indicate that the non-
rotating Sen spacetime does not constitute a viable
alternative to the Schwarzschild geometry for
modelling kHz QPOs in neutron-star systems. Future
work should extend the present analysis to the full
Kerr-Sen metric, incorporate independent mass-
radius constraints, and explore non-geodesic
contributions to QPO  frequencies.  Such
developments will be essential for assessing whether
charged dilatonic spacetimes can offer a consistent
interpretation of high-frequency variability in
accreting compact objects.

Acknowledgments

TK acknowledges grant No. AP32722555, YeK
acknowledges grant No. AP23488743 from the
Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan.

T. Konysbayev: Supervision, Conceptualization, Writing; Y. Kurmanov: Investigation, Writing — review &
editing, Data curation; U. Nurlanbek: Software, Methodology, Validation; G. Rabigulova: Software, Investigation,
Formal Analysis; M. Adil: Investigation, Software, Writing; B. Bekmurat: Investigation, Software, Writing; G. Tuzen:
Investigation, Software, Writing; A. Urazalina: Formal Analysis, Methodology, Validation.

References

1. JJW.T. Hessels, S. M. Ransom, I.H. Stairs, P.C.C. Freire, V.M. Kaspi and F. Camilo, A Radio Pulsar Spinning at
716 Hz, Science 311, 1901-1904 (2006). https://doi.org/10.1126/science.1123430

2. J. Patterson, E. L. Robinson and R. E. Nather, Rapid and ultrarapid oscillations in RU Pegasi, Astrophysical

Journal 214, 144—151 (1977). https://doi.org/10.1086/155239

3. M. van der Klis, Millisecond Oscillations in X-Ray Binaries, Annual Review of Astronomy and Astrophysics 38,

717-760 (2000). https://doi.org/10.1146/annurev.astro.38.1.717
4. R. A. Remillard and J. E. McClintock, X-Ray Properties of Black-Hole Binaries, Annual Review of Astronomy
and Astrophysics 44, 49-92 (2006). https://doi.org/10.1146/annurev.astro.44.051905.092532

5. T.E. Strohmayer and R.F. Mushotzky, Discovery of x-ray quasi-periodic oscillations from an ultraluminous x-ray

source in m82: evidence
https://doi.org/10.1086/374732

against beaming,

Astrophysical

Journal Letters 586, L61-L64 (2003).

6. M. Bachetti et al., An ultraluminous X-ray source powered by an accreting neutron star, Nature 514, 202-204

(2014). https://doi.org/10.1038/nature13791

7. M. Gierlinski, M. Middleton, M. Ward and C. Done, A periodicity of ~1 hour in X-ray emission from the active

galaxy RE J1034+396, Nature 455, 369-371 (2008). https://doi.org/10.1038/nature07277

11


https://doi.org/10.1126/science.1123430
https://doi.org/10.1086/155239
https://doi.org/10.1146/annurev.astro.38.1.717
https://doi.org/10.1146/annurev.astro.44.051905.092532
https://doi.org/10.1086/374732
https://doi.org/10.1038/nature13791
https://doi.org/10.1038/nature07277

Quasi-periodic oscillations around compact objects within the Sen spacetime

8. M. Middleton and C. Done, The X-ray binary analogy to the first AGN quasi-periodic oscillation, Monthly Notices
of the Royal Astronomical Society 403, 9—16 (2010). https://doi.org/10.1111/].1365-2966.2009.15969.x

9. W. Lewin and M. van der Klis, Accreting Neutron Stars in Low-Mass X-Ray Binary Systems, (Cambridge
University Press, 2006).

10. G. Hasinger and M. van der Klis, Two patterns of correlated X-ray timing and spectral behaviour in low-mass
X-ray binaries, Astronomy and Astrophysics 225, 79-96 (1989). https://ui.adsabs.harvard.edu/abs/1989A&A...225...79H

11. J. Middleditch and W. C. Priedhorsky, Discovery of rapid quasi-periodic oscillations in Scorpius X-1,
Astrophysical Journal 306, 230-236 (1986). https://doi.org/10.1086/164335

12. M. van der Klis et al., Intensity-dependent quasi-periodic oscillations in the X-ray flux of GX5-1, Nature 316,
225-230 (1985). http://dx.doi.org/10.1038/316225a0

13. M. van der Klis, Quasi-Periodic Oscillations and Noise in Low-Mass X-Ray Binaries, Annual Review of
Astronomy and Astrophysics 27, 517-553 (1989). https://doi.org/10.1146/annurev.aa.27.090189.002505

14. S.E. Motta et al., Links between quasi-periodic oscillations and accretion states in neutron star low-mass X-ray
binaries, = Monthly = Notices  of the  Royal  Astronomical  Society 468,  2311-2324  (2017).
https://doi.org/10.1093/mnras/stx570

15. K. Boshkayev et al., Quasiperiodic oscillations for spherically symmetric regular black holes, Physical Review
D 108, 044063 (2023). https://doi.org/10.1103/PhysRevD.108.044063

16. K. Boshkayev, O. Luongo and M. Muccino, Numerical analysis of quasiperiodic oscillations with spherical
spacetimes, Physical Review D 108, 124034 (2023). https://doi.org/10.1103/PhysRevD.108.124034

17. K. Boshkayev et al., Quasi-periodic oscillations in rotating and deformed space—times, Monthly Notices of the
Royal Astronomical Society 531, 38763887 (2024). https://doi.org/10.1093/mnras/stac1388

18. K. Boshkayev et al., What can we extract from quasiperiodic oscillations? Gravitation and Cosmology 20, 233—
239 (2014). https://doi.org/10.1134/S0202289314040033

19. K. Boshkayev and M. Muccino, Constraints on the Sen black hole mass and charge from quasi-periodic
oscillations, Furopean Physical Journal C 85, 1-8 (2025). https://doi.org/10.1140/epjc/s10052-025-15167-w

20. W. Kluzniak and M.A. Abramowicz, Resonant Oscillations of Accretion Flow and Khz QPOS, Astrophysics
and Space Science 300, 143—148 (2005). https://doi.org/10.1007/s10509-005-0020-6

21. L. Stella and M. Vietri, kHz Quasiperiodic Oscillations in Low-Mass X-Ray Binaries as Probes of General
Relativity in the Strong-Field Regime, Physical ~ Review  Letters 82, 17-20 (1999).
https://doi.org/10.1103/PhysRevLett.82.17

22. H. Ardavan et al., Radio spectra of pulsars fitted with the spectral distribution function of the emission from
their current sheet, Monthly Notices of the Royal Astronomical Society 529, 3744-3750 (2024).
https://doi.org/10.1093/mnras/stae774

23. S.P. O’Sullivan et al., Complex Faraday depth structure of active galactic nuclei as revealed by broad-band radio
polarimetry, Monthly Notices of the Royal Astronomical Society 421, 3300-3315 (2012). https://doi.org/10.1111/j.1365-
2966.2012.20554.x

24. T.J. Mozdzen et al., Spectral index of the diffuse radio background between 50 and 100MHz, Monthly Notices
of the Royal Astronomical Society 483, 4411-4425 (2019). https://doi.org/10.1093/mnras/sty3410

25. A. Mohammadi et al., A possible role for the merger of clusters/voids in the cosmological expansion, Monthly
Notices of the Royal Astronomical Society 525, 3274-3280 (2023). https://doi.org/10.1093/mnras/stad2514

26. G. Srinivasan, The maximum mass of neutron stars, The Astronomy and Astrophysics Review 11, 67-96 (2002).
https://doi.org/10.1007/s001590200016

27. K. Boshkayev et al., Numerical analysis of quasiperiodic oscillations in the Hartle-Thorne spacetime (2025).
https://doi.org/10.48550/arXiv.2506.11581

28. S. Boutloukos et al., Discovery of Twin kHz QPOs in the Peculiar X-Ray Binary Circinus X-1, The Astrophysical
Journal 653, 1435-1444 (2006). http://dx.doi.org/10.1086/508934

29. R. Wijnands et al., Discovery of Kilohertz Quasi-periodic Oscillations in the Z Source GX 5-1, The
Astrophysical Journal Letters 504, L35-L38 (1998). https://doi.org/10.1086/311564

30. P.G. Jonker et al., Low- and high-frequency variability as a function of spectral properties in the bright X-ray
binary GX 5-1, Monthly Notices of the Royal Astronomical Society 333, 665—-678 (2002). https://doi.org/10.1046/].1365-
8711.2002.05442.x

31.J. Homan et al., RXTE Observations of the Neutron Star Low-Mass X-Ray Binary GX 17+2: Correlated X-Ray
Spectral and Timing Behavior, The Astrophysical Journal 568, 878-900 (2002). https://doi.org/10.1086/339057

32. P.G. Jonker et al., The Power Spectral Properties of the Z Source GX 340+0, The Astrophysical Journal 5317,
374-386 (2000). http://dx.doi.org/10.1086/309029

33. M. Méndez and M. van der Klis, The harmonic and sideband structure of the kilohertz quasi-periodic oscillations
in Sco X-1, Monthly Notices of the Royal Astronomical Society 318, 938-942 (2000). https://doi.org/10.1046/j.1365-
8711.2000.03788.x

34. M. Méndez et al., Kilohertz Quasi-periodic Oscillation Peak Separation Is Not Constant in the Atoll Source 4U
1608-52, The Astrophysical Journal 505, 1L.23-1.26 (1998). https://doi.org/10.1086/311600

35. M. Méndez and M. van der Klis, Precise Measurements of the Kilohertz Quasi-periodic Oscillations in 4U 1728—
34, The Astrophysical Journal 517, L51-L54 (1999). https://doi.org/10.1086/312025

12


https://doi.org/10.1111/j.1365-2966.2009.15969.x
https://ui.adsabs.harvard.edu/abs/1989A&A...225...79H
https://doi.org/10.1086/164335
http://dx.doi.org/10.1038/316225a0
https://doi.org/10.1146/annurev.aa.27.090189.002505
https://doi.org/10.1093/mnras/stx570
https://doi.org/10.1103/PhysRevD.108.044063
https://doi.org/10.1103/PhysRevD.108.124034
https://doi.org/10.1093/mnras/stae1388
https://doi.org/10.1134/S0202289314040033
https://doi.org/10.1140/epjc/s10052-025-15167-w
https://doi.org/10.1007/s10509-005-0020-6
https://doi.org/10.1103/PhysRevLett.82.17
https://doi.org/10.1093/mnras/stae774
https://doi.org/10.1111/j.1365-2966.2012.20554.x
https://doi.org/10.1111/j.1365-2966.2012.20554.x
https://doi.org/10.1093/mnras/sty3410
https://doi.org/10.1093/mnras/stad2514
https://doi.org/10.1007/s001590200016
https://doi.org/10.48550/arXiv.2506.11581
http://dx.doi.org/10.1086/508934
https://doi.org/10.1086/311564
https://doi.org/10.1046/j.1365-8711.2002.05442.x
https://doi.org/10.1046/j.1365-8711.2002.05442.x
https://doi.org/10.1086/339057
http://dx.doi.org/10.1086/309029
https://doi.org/10.1046/j.1365-8711.2000.03788.x
https://doi.org/10.1046/j.1365-8711.2000.03788.x
https://doi.org/10.1086/311600
https://doi.org/10.1086/312025

T. Konysbayev et al.

36. E.C. Ford et al., Energy Spectra and High-Frequency Oscillations in 4U 0614+091, The Astrophysical Journal
486, L.47-1.50 (1997). https://doi.org/10.1086/310827

Information about authors:

Talgar Konysbayev — PhD, Leading Researcher, National Nanotechnology Laboratory of Open Type, Al-Farabi
Kazakh National University (Almaty, Kazakhstan, e-mail: talgar_777@mail.ru).

Yergali Kurmanov — PhD, Associate Professor, Leading Researcher, National Nanotechnology Laboratory of Open
Type, Al-Farabi Kazakh National University (Almaty, Kazakhstan, e-mail: kurmanov.yergali@kaznu.kz).

Ulpan Nurlanbek — 1st-year PhD student in Physics and Astronomy, Al-Farabi Kazakh National University (Almaty,
Kazakhstan, e-mail: ulpan.nurlanbek02@gmail.com).

Guldana Rabigulova — Ist-year PhD student in Physics and Astronomy, Al-Farabi Kazakh National University
(Almaty, Kazakhstan, e-mail: guldanaberikhanovna@gmail.com).

Makhabbat Adil — Ist-year Master’s student in Physics and Astronomy, Al-Farabi Kazakh National University
(Almaty, Kazakhstan, e-mail: adilmahabbat@gmail.com).

Bagzhan Bekmurat — 1st-year Master’s student in Physics and Astronomy, Al-Farabi Kazakh National University
(Almaty, Kazakhstan, e-mail: bagzhanl59@gmail.com).

Galiya Tuzen — Ist-year Master’s student in Physics and Astronomy, Al-Farabi Kazakh National University (Almaty,
Kazakhstan, e-mail: galivatuzenn@gmail.com).

Ainur Urazalina — PhD, Associate Professor, Leading Researcher, National Nanotechnology Laboratory of Open
Type, Al-Farabi Kazakh National University (Almaty, Kazakhstan, e-mail: y.a.a.707@mail.ru).

Aemopnap mypanvl manimem:

Tanzap Kownvicoaes — PhD, JKI'K, Awbix mypoezi YummulK HAHOMEXHOA0UANBIK, 3epmxand, 21-Dapabu amvlHOazbl
Kazax ynmmuix ynueepcumemi (Armamul, Kazaxcman, e-mail: talgar 777@mail.ru).

Epeanu Kypmanoe — PhD, kayvimoacmeipsinzan npogeccop, KFK, Awbix mypoe2i YimmulK HAHOMEXHOLOLUAIbIK
sepmxana, an-Papabu am. Kazax ynmmoix ynueepcumemi (Aimamot, Kazaxcman, e-mail: kurmanov.yergali@kaznu.kz).

¥anan Hypranbex — usuka sicane acmponomusi mamanovizbinvly 1 kypc ooxkmopanmoi, an-Papabu am. Kazax
yammulk, yHuseepcumemi (Aimameot, Kasaxcman, e-mail: ulpan.nurlanbek02@gmail.com).

T'ynoana Pabuzynosa — gpusuxa dcone acmpoHoMus Mamanowvizoluwiy 1 kKypc ookmopanmet, an-Qapadbu am. Kazax
yrimmuix yHugepcumemi (Animamul, Kazaxcman, e-mail: guldanaberikhanovna(@gmail.com).

Maxabbam O0in — usuxa dcane acmponomus mamanoviebinvly 1 Kype macucmpanmol, a1-Papadbu am. Kazax
yammulx yrusepcumemi (Aimamet, Kazaxeman, e-mail: adilmahabbat@gmail.com).

bazocan Bexmypam — usuxa scane acmponomus mamanovizeinsiy 1 Kypc macucmpanmel, an-Papabu am. Kazax
ynmmulx yuusepcumemi (Aimamet, Kazaxeman, e-mail: bagzhanl59@gmail.com).

Fanus Tysen — gpuzura sicone acmporomus mamanovievinvly 1 kKypce macucmpanmol, 21-Papabu am. Kazax ynmmoix
yrusepcumemi (Animamovl, Kazaxcman, e-mail: galiyatuzenn(@gmail.com).

Aunyp Vpasanuna — PhD, kaysimoacmeipulizan npogpeccop, KFK, Awvix mypoeci yimmolK HAHOMEXHOLOSUSIIbIK,
sepmxana, an-@apabu am. Kazax ynmmoix ynusepcumemi (Arimamot, Kazaxcman, e-mail: y.a.a.707@mail.ru).

Hugpopmayus 06 asmopax:

Konvicbaes Taneap — PhD, nayunviii compyonuk, Hayuonanenas omkpvimas 1abopamopust HAHOMEXHOA02UL,
Kazaxcruii nayuonanvholil ynueepcumem um. ano-@apadbu (Anmamol, Kazaxcman, e-mail: talgar 777 @mail.ru).

Kypmanoe Epeanu — PhD, Ooyewm, wnayunvii compyonux, Hayuonanvnas omxkpvimas aabopamopus
Hanomexuonoeul, Kasaxckuii nayuonanvuwiti yHusepcumem um. anv-@apabu (Armamvl, Kazaxcman, e-mail:
kurmanov.yergali@kaznu.kz).

Hypranbex Yaonan — dokmopanm 1-20 200a obyuenus no usuxe u acmponomuu, Kazaxckuii nayuonanoHoiil
yHusepcumem um. ano-Papabu (Armamet, Kazaxcman, e-mail: ulpan.nurlanbek02(@gmail.com).

Pabuzynosa I'ynvoana — dokmoparwm 1-20 200a obyuenus no gusuxe u acmpornomuu, Kasaxckuil HayuoHabHbLI
yHugepcumem um. anb-Papadbu (Arimamel, Kazaxcman, e-mail: guldanaberikhanovna@gmail.com).

Aounv Maxabbam — macucmpaum 1-20 200a obyyenus no guszuke u acmponomuu, Kazaxcxuil Hayuonanvuvill
yHugepcumem um. anb-Papadbu (Armamel, Kazaxcman, e-mail: adilmahabbat@gmail.com).

Bexmypam Bazocan — cmyodenm 1-eo kypca masucmpamypsi no gusuxe u acmporomuu, Kasaxckuii nayuonanvrulii
yHugepcumem um. anb-Papadbu (Arimamel, Kazaxcman, e-mail: bagzhanl59@gmail.com).

Tysen Tanus — cmyoenm 1-20 Kypca maeucmpamypol no @usuxe u acmporomuu, Kazaxckuil HAYUOHANbHbL
yHugepcumem um. anv-Papadu (Aimamet, Kazaxcman, e-mail: galiyatuzenn(@gmail.com).

Ypazanuna Ainyp — PhD, ooyenm, Hayuonanvnas omxpuimas nabopamopusi namomexwonozuu, Kazaxckuil
HayuoHaNbHbll YHUgepcumem um. aio-Papabu (Aimamol, Kazaxcman, e-mail: y.a.a.707@mail.ru).

Article history: received: 12 January 2026, accepted: 25 February 2026.
Maxana mapuxor: mycmi. 12 xanmap 2026, xabvinoanowi: 25 axnan 2026.
Hcmopus cmamovu: nonyueno: 12 sueaps 2026, npunsamo: 25 gespans 2026.

13


https://doi.org/10.1086/310827
mailto:talgar_777@mail.ru
mailto:kurmanov.yergali@kaznu.kz
mailto:ulpan.nurlanbek02@gmail.com
mailto:guldanaberikhanovna@gmail.com
mailto:adilmahabbat@gmail.com
mailto:bagzhan159@gmail.com
mailto:galiyatuzenn@gmail.com
mailto:y.a.a.707@mail.ru
mailto:777@mail.ru
mailto:kurmanov.yergali@kaznu.kz
mailto:ulpan.nurlanbek02@gmail.com
mailto:guldanaberikhanovna@gmail.com
mailto:adilmahabbat@gmail.com
mailto:bagzhan159@gmail.com
mailto:galiyatuzenn@gmail.com
mailto:y.a.a.707@mail.ru
mailto:talgar_777@mail.ru
mailto:kurmanov.yergali@kaznu.kz
mailto:ulpan.nurlanbek02@gmail.com
mailto:guldanaberikhanovna@gmail.com
mailto:adilmahabbat@gmail.com
mailto:bagzhan159@gmail.com
mailto:galiyatuzenn@gmail.com
mailto:y.a.a.707@mail.ru

