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ARTICLE INFO ABSTRACT

Keywords: We study rotating hybrid stars, with particular emphasis on the effect of spin on the deconfinement phase transi-
Ne“trf’" stars tion and star properties. Our analysis is based on a hybrid equation of state with a phase transition from hadronic
Equation of state matter containing hyperons to color-superconducting quark matter, where the quark phase is modeled within
Pulsars s . . . . . ..
Rotational a relativistic density functional approach. By varying the strength of the vector repulsion and diquark pairing
Phase transitions in 97.60.jd couplings in the rr.n.crosco.plc quark Lagrangian, we .construct.a set of hybr%d star sequer.xce§ with different qu;?rk—
26.60.Kp matter onset densities. This framework ensures consistency with astrophysical and gravitational wave constraints
97.60.Gb on mass, radius, and tidal deformability. We show how increasing the rotational frequency affects the maximum
25.75.Nq gravitational mass, oblateness, central energy density of compact stars, as well as the onset of quasiradial oscil-
45.40.Bb lations and nonaxisymmetric instabilities. Our results indicate that, for the most favorable parameter sets with

strong vector coupling, hybrid stars containing a color-superconducting quark-matter core can account for the
fastest-spinning and most massive known neutron star, PSR J0952-0607. In contrast, this pulsar cannot be ex-
plained by the purely hadronic equation of state considered in this study. These findings are highly relevant for
future observations with the Square Kilometre Array (SKA), which will significantly expand the known pulsar
population and enable precise measurements of masses and spin frequencies.

1. Introduction magnetic field decays over gigayear timescales naturally explains the

correlation with their typical age of about 10° years.

Nature’s most precise clocks, as millisecond pulsars (MSPs) are denoted,
provide unprecedented laboratories for studying the cold strongly inter-
acting matter. While the majority of pulsars have a spin period of 0.1
to 1 seconds, MSPs spin with frequencies up to several hundred Hz,
thus having a period of milliseconds (ms), giving them their name. The
currently accepted formation scenario for MSPs involves an accretion-
induced spin-up mechanism: during a long phase of mass transfer in a
close binary system of a neutron star (NS) and a companion star, the
NS accretes material from its companion, thereby gaining angular mo-
mentum and being spin up to an extremely rapid rotation period. As
discussed in previous studies [1,2], MSPs are characterized by com-
paratively weak surface magnetic fields of the order of 108 — 10°G. This
property is consistent with their advanced evolutionary stage, since the

* Corresponding author.

The so-called Kepler (mass-shedding) limit establishes the theoreti-
cal upper bound on the rotation rate of NSs. It corresponds to the fre-
quency at which the centrifugal acceleration equals to the gravitational
pull, such that any further increase in spin would result in the ejection
of matter. The current observational record for NS rotation is held by
PSR J1748-2446ad, with a spin frequency of 716 Hz [3] followed by
the object PSR 1820-30A [4,5] with about the same value. This so far
limiting value naturally raises the question of whether the observed fre-
quency approaches the theoretical Keplerian limit. On the other hand,
the lack of pulsars spinning with significantly higher frequency may in-
stead point out to additional internal constraints, such as the presence
of a deconfinement phase transition in the stellar core, which could al-
ter the star’s rotational stability. Therefore, modeling MSPs, including
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Fig. 1. Mass-radius diagram for a set of static (solid curves) and rotating stars
with the Kepler frequency (dashed curves). The black and color curves depict
the hadronic DD2npY-T EoS, while the color ones show hybrid stars for the
fixed vector coupling n,, = 0.30 and different values of the diquark coupling #,,.
The radius corresponds to the equatorial radius. The allowed configurations for
hybrid stars are located between the solid and dashed curves of the same color.
This figure is adapted from the work of Girtlein et al. (2025) [17].

exotic degrees of freedom, as quarks or hyperons, is of great interest.
While in Refs. [6-10], hybrid EoSs have been examined in theoretical
studies, this field of research recently got new insights and results, as
from the Neutron star Interior Composition Explorer (NICER) observa-
tions [11-15] and observational data of rapidly rotating pulsars’, mo-
tivating us to reinvestigate this topic. In order to explore observable
properties of MSPs, an equation of state (EoS) relating thermodynamic
properties of cold strongly interacting matter needs to be provided.

Here, we base our studies on a hybrid EoS, developed in Refs. [16,17]
which will be discussed in more detail in the next section. The article
is focused on the impact of rotation [18] on observable quantities such
as the oblateness, mass, radius, and angular momentum of NSs. In ad-
dition, we employ existing observational constraints to further limit the
parameter space of the adopted model.

2. Rotating hybrid stars

Our study is based on the hybrid EoSs presented in Gértlein et al. [16].
The low-density region is described by the relativistic density functional
DD2npY-T EoS, which includes nucleonic and hyperonic degrees of free-
dom, reproduces the key properties of the nuclear matter ground state,
and remains consistent with chiral effective field theory. [19]. Below
nuclear saturation density, the DD2npY-T EoS is consistently matched,
within a unified framework, to the generalized relativistic density func-
tional EoS for the crust [20].

The phase transition between quarks and hadrons is modeled by
applying the Maxwell construction. The phase transition is defined
by the intersection of the pressure-chemical potential curves p;(u) for
hadronic and quark matter. This intersection determines the onset chem-
ical potential y,,,,,. Since the pressure of the quark EoS will dominate
after ..., the hadronic EoS is replaced by the quark EoS at higher

! The complete pulsar catalog with mass measurements can be accessed at
https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
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Fig. 2. The angular velocity as a function of the gravitational mass of compact
stars. The solid blue curve represents the Kepler frequency, above which lies the
gray-shaded area where no stationary rotating stars can be found. Black solid
curves mark the separation between NSs (dark green area), hybrid stars (light
green area), and black holes (pink beige area of unstable configurations). In
comparison, the dashed curves represent the purely hadronic analogues. The
circles with 1o confidence level error bars depict the measured mass and fre-
quency of the most rapidly rotating MSPs with spin frequency f>200 Hz (the
data are listed in Ref. [17]). The arrows, rather than error bars, represent the
available upper limit on the mass estimate. Other independent mass measure-
ments of the same object are depicted with gray dots. The color solid curves
represent the evolution trajectories of the hybrid (solid) and hadronic (dashed)
star of 1.2M, with the corresponding strength of the magnetic field. This figure
is adapted from the work of Gértlein et al. (2025) [17]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

chemical potentials. The latter is based on a confining relativistic den-
sity functional approach in the two-flavor color-superconducting (2SC)
case [21,22]. The model is equivalent to a chiral quark theory with
medium-dependent scalar and pseudoscalar couplings; in general, these
couplings differ due to chiral symmetry breaking but become identical
once chiral symmetry is restored [21]. The medium dependence of the
vector and diquark couplings is tuned to ensure that quark matter ap-
proaches the conformal limit [22]. The strength of the vector repulsion
ny and the diquark pairing #,, are the two parameters of the model.
Higher values of 7, give rise to stronger repulsion between quarks, and,
consequently, stiffer EoSs. At the same time, an increase of the value of
np leads to an earlier onset of quark matter. Thus, varying the dimen-
sionless 7, and 5, parameters enables the generation of hybrid EoSs
that exhibit a broad range of quark matter onset densities together with
a varying stiffness. Since hadronic EoSs that include hyperons and A
baryons fail to support neutron stars with masses above 2.1 Mg due
to the significant softening of the EoS [23], a transition to quark mat-
ter provides a physically motivated mechanism to restore compatibility
with observational constraints.

The properties of corresponding static spherically symmetric ob-
jects in gravitational equilibrium are obtained by solving the Tolman-
Oppenheimer-Volkoff (TOV) equations. Besides the boundary condi-
tions, the EoS is required as an input to these equations. The resulting
M — R curves are shown in Fig. 1 as solid curves.

To model rapidly rotating NSs, we have adopted the axisymmetric
spacetime metric shown below

ds? = ¥ dr? — e (dg — wdi)? — A dr* + r2do?). @
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Fig. 3. Left panel: Angular velocity Q as a function of the ratio of rotational and gravitational energy. Right panel: Parameter plot of the hybrid EoS constrained
via the Q — T /W plot. This figure is adapted from [17] and shows an additional excluded (cyan) area in the #,, — 5, plane. The gray region indicates the parameter
space excluded by the combined requirements of the stability of the quark branch and the tidal deformability constraint from GW170817 (above the colored band),
as well as by the condition that the deconfinement phase transition must occur above nuclear saturation density (below the colored band). The physical parameter

space is constrained to the colorful area.

The metric functions v, y, ® and A only depend on r and 6. The choice,
¥ = r2sin B2(r, 0)e highlights the difference relative to the static NS
metric. In this case, equations analogous to the TOV equations should be
derived. With the new metric given above, the Einstein equations need
to be solved under similar conditions. Although the inputs from the hy-
brid EoS remain the same as in the static case, the energy-momentum
tensor 7% through which the hybrid EoS enters will be modified due
to the new metric components. The resulting equations are too complex
to be written in a closed analytical form. Therefore, the properties of
rotating NSs at different frequencies up to the mass-shedding limit are
numerically solved via the Rotating Neutron Star (RNS)? code [24]. To
explore the different hybrid star properties, we perform the analysis for
the two different values of the vector repulsion strength, i.e., ,, = 0.30
and n;, = 0.452, and a set of 5, values. Those values are chosen to pro-
vide an agreement with the heavy pulsars [25-28] and account for the
possibility of the early onsets of quark cores in the NS interior.

3. Results

The EoSs for sets of parameters (ny =0.30, np =
0.733,0.737,0.743,0.75,0.755,0.76) were chosen to allow for stars
of up to 2.2 M, in the static case and a range of different onset
densities of quark matter in the NS cores. Fig. 1 shows the static (solid
curves) and rotating with the Kepler frequency (dashed curves) M — R
relations of the considered set of hybrid (color curves) and hadronic
(black curves) EoSs, respectively.

As seen in Fig. 1, the general structure of the M — R curves is pre-
served at the highest possible rotation rate. Clearly, the centrifugal force
as a result of the high rotation allows for pulsars with higher maximum
mass and much larger radii compared to the static configurations. At the
same time, the onset density of the deconfinement phase transition and
the point at which the set of M — R curves intersect, referred to as the
special point [16], are preserved.

We revisit the empirical relation between the Kepler fre-
quency, gravitational mass, and radius of non-rotating NSs, fx =

1/2 -3/2
M R . . .
C<M_®> m) [29,30]. In contrast to earlier studies, which

considered only purely baryonic or purely quark compositions, we intro-
duce a new parametrization of the coefficient C that captures different
scenarios for the onset of deconfinement while reproducing the two lim-
iting cases of hadronic and quark EoSs. Using the rotation frequency of

2 https://github.com/cgca/rns

the fastest known pulsar, PSR J1748-2446ad, at 716 Hz [3], and substi-
tuting this value into the empirical relation above, we derive an updated
bound on the mass-radius relation of compact stars. Considering the fre-
quency of the fastest known pulsar, as the mass-shedding frequency,
yields an upper limit on the radius of a 1.4Mg NS, R, < 14.90 km, and
of a 0.7 Mg, star, Ry; < 11.49 km. Effectively, the resulting curve rules
out the low-mass NS configurations lying below it (for details, see [16]).
However, the discovery of a pulsar with an even higher spin frequency
would impose more stringent constraints on the stellar radius.

In the case of (1, = 0.452, 5y, = 0.775), which is shown in Fig. 2, we
explored the diagrams of angular velocity Q as a function of gravita-
tional mass M. Interestingly, we can consider scenarios where all in-
cluded MSPs are hybrid NSs or only the heavier ones include a quark
core (see [17]). Comparison with the observational data of MSPs (see
the table in [17]) suggests that the hybrid star scenario provides a more
consistent description than purely hadronic models. Among the over 30
MSPs with rotation frequencies above 200 Hz, the Black Widow pul-
sars [26-28] with the highest observed mass (it corresponds to the ob-
ject 3 in Fig. 2), almost exclusively show consistency with the allowed
region of rotating hybrid stars.

Since MSPs are thought to form in low-mass X-ray binaries via
angular-momentum transfer from a companion star, undergoing a ‘re-
cycling’ spin-up driven by accretion, we employ the accretion model of
Ref. [31] to study their evolutionary tracks. The color curves in Fig. 2
depict the evolutionary paths of a 1.2M, star for the typical accretion
rate of 1077 M /yr, a decay time 75 = 108 yr of the magnetic field and
different values of the magnetic field amplitude shown in the legend.
The dashed and solid curves represent the purely hadronic and hybrid
configurations, respectively.

As seen in Fig. 2, the obtained curves provide a good agreement
with the intriguing clustering of MSPs around ~ 2kHz. According to our
model, it occurs in the vicinity of the phase transition line, which can be
interpreted as a consequence of the interplay between accretion-driven
spin-up and an internal phase transition. As pointed out in Ref. [32], the
formation of a quark core can give rise to a waiting-time phenomenon,
potentially explaining the increased number of MSPs in this region.
We briefly discuss our analysis of the stellar oblateness e =

VI-(R, /Req)z, which quantifies the degree of flattening of the star
due to rotation, i.e., the relative reduction of the polar radius R, com-
pared to the equatorial radius R,,. The stellar spin evolution may cause
a phase transition in the stellar interior, transforming a hybrid star into
a standard NS or vice versa. We therefore investigated the behavior
of the oblateness as a function of the angular velocity Q, assuming a


https://github.com/cgca/rns

C. Gdrtlein, V. Sagun, O. Ivanytskyi et al.

transition from a hybrid to a purely hadronic configuration. As shown
in our original work [17], the oblateness remains a smooth and contin-
uous function of Q even across the composition change.

On the left panel of Fig. 3, we show the angular velocity Q as a func-
tion of the ratio of rotational to gravitational energy T /W for the same
pair of coupling constants as in Fig. 2. The results demonstrate that for
high values of rest mass, no static NS solutions exist. These only sur-
vive under sufficient rotation and collapse if their rotational velocity
decreases. Most importantly, the vertical red dotted line depicts the on-
set of non-axisymmetric f-mode instabilities [33-35]. Above the value
of T/W =~ 0.08, the non-radial instabilities lead to gravitational wave
radiation. Thus, a higher ratio will cause the rotating NS to collapse,
ruling out the existence of any rapidly rotating massive pulsar configu-
rations with ratios exceeding 0.08. Applying this constraint to the whole
parameter space of the present model, we can exclude the area shown
in cyan on the right panel of Fig. 3. The colorful area was already pre-
sented in Ref. [16] as allowed configuration space. When the constraint
derived from T /W is included, the physically relevant set of (,,7p)
pairs becomes even more restricted.

4. Conclusions

Rotating NSs, and in particular the MSPs observed to date, continue
to play a key role in constraining the properties of dense matter.
We demonstrated that the most rapidly spinning and massive Galactic
NS, PSR J0952-0607, can be explained as a hybrid star with a color-
superconducting quark matter, while such properties remain unattain-
able for a purely hadronic model with hyperons. We argue that a tran-
sition to quark matter offers a physically well-motivated mechanism to
reconcile the EoS with observations of heavy NSs, overcoming the sub-
stantial softening caused by the appearance of hyperons and A baryons.

We revise the empirical Kepler frequency relation by introducing a
new parametrization of the factor C that accounts for different possible
deconfinement scenarios while reproducing the limiting hadronic and
quark cases. Using the 716 Hz spin of PSR J1748-2446ad, we obtain
updated constraints on the mass-radius relation, yielding upper limits
of R, 4 <14.90 km, and R, < 11.49 km.

In addition, it has been shown that introducing a simple model of
accretion and magnetic-field decay provides a realistic explanation for
the observed clustering of pulsars around 2 kHz and for their evolution-
ary paths. This clustering occurs near the phase transition, acting as a
saddle point in the pulsars’ evolutionary trajectories, and may be a con-
sequence of the onset of quark cores within compact stars. Note that
these conclusions are based on the considered hadronic and quark EoSs,
and may differ for alternative model choices.

Moreover, we investigated the angular momentum, oblateness, and
the ratio of rotational and gravitational energy as a function of the an-
gular velocity (for a more extended analysis, see Ref. [17]). Notably,
the oblateness remains smooth across the compositional transition. In
addition, the study of 7/W allowed us to further constrain the physical
space of model parameters applied.

In summary, this work provides a further significant contribution
to the investigation of MSPs as potential hybrid NSs and substantially
complements previous studies in this area. With the advancement of
future observational surveys and programs, such as the Square Kilome-
ter Array Observatory (SKA) [36], the increased precision and number
of observed pulsars might give rise to further insights into the internal
composition of NSs.
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