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We use a set of hadronic equations of state derived from covariant density functional theory to study 
the impact of their high-density behavior on the properties of rapidly rotating �-resonance-admixed 
hyperonic compact stars. In particular, we explore systematically the effects of variations of the bulk 
energy isoscalar skewness, Q sat, and the symmetry energy slope, Lsym, on the masses of rapidly rotating 
compact stars. With models for equation of state satisfying all the modern astrophysical constraints, 
excessively large gravitational masses of around 2.5 M� are only obtained under three conditions: (a) 
strongly attractive �-resonance potential in nuclear matter, (b) maximally fast (Keplerian) rotation, and 
(c) parameter ranges Q sat � 500 MeV and Lsym � 50 MeV. These values of Q sat and Lsym have a rather 
small overlap with a large sample (total of about 260) parametrizations of covariant nucleonic density 
functionals. The extreme nature of requirements (a)-(c) reinforces the theoretical expectation that the 
secondary object involved in the GW190814 event is likely to be a low-mass black hole rather than a 
supramassive neutron star.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

In recent years there has been a surge of experimental infor-
mation on the integral parameters of neutron stars, mostly in the 
form of constraints coming from their observations in gravitational 
and electromagnetic waves. Among these is the first detection of 
gravitational waves from the binary neutron star inspiral event 
GW170817 by the LIGO–Virgo Collaboration which constrained the 
tidal deformability of a canonical 1.4M� mass neutron star and 
thus the equation of state (EoS) of dense matter at a few times nu-
clear saturation density [1–3]. These upper bounds suggest that the 
EoS of stellar matter at such (intermediate) densities is medium-
soft [4,5].

A direct astrophysical lower bound of 2.14+0.10
−0.09 M� (68.3% cred-

ibility interval) on the maximum mass of a neutron star was re-
cently obtained from the measurement of the millisecond pulsar 
PSR J0740+6620 [6]. The analysis of the GW170817 event was used 
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to derive an approximate upper limit on the maximum mass. By 
combining gravitational waves and electromagnetic signals with 
numerical relativity simulations, the maximum mass was found to 
be in the range of 2.15 to 2.30 M� [7–9]. The quasi-universal re-
lations that describe neutron stars and models of kilonovae were 
used to draw a similar bound on the maximum mass [10]. Com-
bining the lower and upper bounds quoted above, it follows that 
the maximum mass of a neutron star is in the 2.1-2.3 M� range.

Furthermore, estimates of the mass and radius of the isolated 
205.53 Hz millisecond pulsar PSR J0030+0451 were reported from 
the analysis of the NICER data of the thermal X-ray waveform from 
this object in 2019 [11,12]. The predicted radius and mass ranges 
of R = 13.02+1.24

−1.06 km and M = 1.44+0.15
−0.14 M� (68.3% credibility 

interval) [12] and the similar results by Ref. [11], exclude both 
ultra-soft as well as ultra-stiff behavior of the EoS at intermedi-
ate densities. In particular, the relativistic (covariant) density func-
tional based models, which predict somewhat larger radii appear 
to be consistent with the data if the effects of heavy baryons such 
as hyperons and/or �-resonances are taken into account [13–33].

Very recently the LIGO–Virgo Collaboration observed gravita-
tional waves from a compact binary coalescence with an extremely 
asymmetric mass ratio of involved compact object: the primary 
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black hole mass is 22.2-24.3 M� whereas the secondary mass is 
2.50-2.67 M� [34]. The mass of the latter object falls into the so-
called “mass-gap” 2.5 M� � M � 5 M� where no compact object 
had ever been observed before. The absence of electromagnetic 
counterpart and measurable tidal effects has left the nature of 
this compact object open to interpretation. In particular, the in-
teresting question arises as to whether the light companion is the 
most massive neutron star or the lightest black hole discovered to 
date. Several authors have addressed this issue suggesting that we 
are dealing with an extremely rapidly rotating nucleonic compact 
star [35–38]. Rapid rotation is a critical prerequisite of these sce-
narios, as it allows to increase a neutron star’s mass by around 
∼ 20% [39–41]. It was also found that static (i.e., non-rotating) nu-
cleonic EoS models can indeed generate massive stars with mass 
M � 2.5 M� , but some of them are not compatible with constraints 
obtained from GW170817 [42,43]. A connection of the light com-
panion in the GW190814 event with hyperonization in dense mat-
ter was addressed by us in Ref. [44] using the well-calibrated 
DD-ME2 functional and its extension to the hypernuclear sector. 
As pointed out in this paper, the compact star interpretation of 
the light companion in GW190814 is in tension with hypernuclear 
stellar models even in the case of maximal Keplerian rotation. In 
the present work, we extend this study two-fold. First, we con-
sider in detail the �-resonance admixture to the baryonic octet 
and study the sensitivity of the results on the �-potential in nu-
clear matter within the set-up of our previous work [29]. Secondly, 
we study the sensitivity of the results with respect to variations of 
the (not well-constrained) high-density behavior of the nucleonic 
density functional. To do so we use the well-known Taylor expan-
sions of the bulk and symmetry energies (see for example [45,46]) 
given by

E(χ, δ) � Esat + 1

2! Ksatχ
2 + 1

3! Q satχ
3

+Esymδ2 + Lsymδ2χ +O(χ4,χ2δ2), (1)

where χ = (ρ − ρsat)/3ρsat, δ = (ρn − ρp)/ρ , ρn/p are the neu-
tron/proton densities, and ρsat is the nuclear saturation density. 
The first line in the expansion (1) contains the characteristic terms 
of the isoscalar channel, which are the saturation energy Esat, in-
compressibility Ksat, and skewness Q sat. The second line contains 
the characteristic quantities of the isovector channel, namely the 
symmetry energy Esym and its slope parameter Lsym. Our focus 
here will be on the “higher-order terms” Q sat and Lsym as these 
are not well-determined so far.

Earlier, in Ref. [36] the authors considered such an expansion 
in the context of GW190814 being a fast-spinning neutron star, 
but without an explicit reference to the particle content of the un-
derlying model. Indeed, expansions like (1) can predict only the 
amount of isospin in the matter, but are agnostic to its parti-
cle content (unless one assumes that only neutrons and protons 
are present). Even less informative on the particle content are 
the models which employ constant speed-of-sound EoS [47–49] or 
piece-wise polytropic EoS [38,50], and such approaches cannot be 
applied to study hypernuclear and/or �-admixed matter. To gain 
an access to the particle content of the star, we map the EoS given 
by the expansion (1) for each set of parameters Q sat and Lsym to a 
nucleonic density functional, then we take into account hyperons 
and �-resonances with the parameters tuned to the most plausi-
ble hyperon/resonance potentials extracted from nuclear data.

In closing, we mention that an interesting physical possibility 
of the behavior of superdense matter, which is not being studied 
here, concerns the transition from hadronic to deconfined quark 
matter; for recent discussions of this topic, see Refs. [32,49,51–
2

55]. This possibility in the present context of GW190814 event was 
discussed in Refs. [56,57].

The paper is organized as follows. In Sec. 2 we briefly review 
the key features of the covariant density functional (CDF) model 
for hadronic matter. Particular attention is paid to the expansion 
coefficients Q sat and Lsym for nucleonic matter. This is followed in 
Sec. 3 by a discussion of the bulk properties (in particular maxi-
mal possible masses) of compact star models computed for a broad 
collection of EoS identified in terms of Q sat and Lsym. The key find-
ings of our study and their implications for the interpretation of 
the GW190814 event are summarized in Sec. 4.

2. CDF model for hadronic matter

At supranuclear density, hyperonization becomes a serious pos-
sibility since hyperons are energetically favored in the cores of 
neutron stars [58,59]. The presence of hyperons entails a consider-
able softening of the EoS which lowers the (maximum) masses of 
neutron stars. In particular, such stars have maximum masses that 
are smaller than those of neutron stars based on purely nucleonic 
EoS [14–18,29,30,60–62]. At present, the existence of new degrees 
of freedom in the cores of neutron stars can neither be confirmed 
nor ruled out based on astrophysical observations alone. Indeed, 
one can readily generate hypernuclear EoS supporting a 2 M� com-
pact star [14–18,20,29,30,61,62]. In particular, CDF-based models 
are versatile enough to generate hypernuclear EoS supporting a 
2 M� compact star by fitting the parameters of the interactions 
in the hyperonic sector to hypernuclear data [17,22,61,62]. These 
models, however, predict relatively large radii and tidal deforma-
bilities for neutron stars with canonical masses of around 1.4 M� , 
which is disfavored by the GW170817 data [30,63]. This issue can 
be resolved if excited baryon states, in particular the �-resonance, 
are taken into account in the treatment of β-equilibrated com-
pact star matter [24,29,31]. As shown in Refs. [30,31,63], including 
the �-resonance in hypernuclear CDF calculations leads to neutron 
star masses and radii that are no longer at variance with the values 
inferred for those quantities from the observations of GW170817.

Here, we use the standard form of the CDF in which Dirac 
baryons are coupled to mesons with density-dependent cou-
plings [64,65]. The theory is Lorentz invariant and, therefore, pre-
serves causality when applied to high-density matter. The baryons 
interact via the exchanges of σ , ω, and ρ mesons, which comprise 
the minimal set of mesons necessary for a quantitative descrip-
tion of nuclear phenomena. In addition, we consider two hidden-
strangeness mesons (σ ∗, φ) which describe interactions between 
hyperons.

The Lagrangian of the theory is given by the sum of the free 
baryonic and mesonic Lagrangians, which can be found in Refs. [18,
62,66], and the interaction Lagrangian which reads

Lint =
∑
B

ψ̄B

(
− gσ Bσ − gσ ∗Bσ

∗ − gωBγ
μωμ − gφBγ

μφμ

−gρBγ
μ �ρμ · �τB

)
ψB +

∑
D

(ψB → ψν
D), (2)

where ψ stands for the Dirac spinors and ψν for the Rarita-
Schwinger spinors [67]. Index B labels the particles of the spin-1/2 
baryonic octet, which comprises nucleons N ∈ {n, p} and hyperons 
Y ∈ {�, �0,−, �+,0,−}, while index D refers to the spin-3/2 reso-
nance quartet of �’s (i.e., � ∈ {�++,+,0,−}). The mesons couple to 
the baryonic octet and the �’s with the strengths determined by 
the coupling constants gmB and gmD , which are functions of the 
baryonic density, gmB(D)(ρ) = gmB(D)(ρsat) fm(r), where r = ρ/ρsat. 
There are in total four free parameters (three in isoscalar sector 
and one in isovector sector) for functions fm(r), which allow one 
to adjust the characteristic terms for nucleonic matter Ksat , Q sat, 
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Fig. 1. EoS and the corresponding speed-of-sound squared for (a) purely nucleonic 
and (b) �-hyperon admixed stellar matter. In (a) the nucleonic EoS models are gen-
erated by varying the parameters Q sat ∈ [−600, 900] MeV and Lsym ∈ [30, 70] MeV. 
The EoS with Q sat = 0, Lsym = 30 and 70 MeV are shown by solid and dash-dotted 
lines for illustration. In (b) �-admixed hyperonic matter EoS are generated by vary-
ing the parameters Q sat ∈ [300, 900] MeV, Lsym ∈ [30, 70] MeV for values of �-
potential VD in isospin symmetric nuclear matter VD/VN = 1, 4/3 and 5/3, where 
VN is the nucleonic potential. The EoS models with Q sat = 600, Lsym = 50 MeV and 
three indicated values of VD are shown for illustration.

Lsym in expansion (1) and ρsat, see Ref. [63] for detailed discussion 
of the flexibility of functions fm(r). This study also suggests that
one can generate a set of nucleonic CDF models by varying only 
Q sat or Lsym while keeping the lower-order parameters fixed.

The Lagrangian (2) is minimal, as it does not contain (a) the 
isovector-scalar δ meson [68] and (b) the π meson and the tensor 
couplings of vector mesons to baryons (both of which arise in the 
Hartree-Fock theory [62]). As shown below in Sec. 3, a wide range 
of the mass-radius relations can be generated by this Lagrangian 
which covers parameter space comparable with the recent meta-
modeling for realistic nucleonic EoS [43]. We note also that other 
spin-3/2 resonances (like �−∗ which has a slightly heavier mass 
than �) may also appear in dense matter. However, their poten-
tials in nuclear matter are unknown. We thus consider only the 
lightest (non-strange) members of the baryon J3/2-decouplet.

For our analysis below we adopt, as a reference, the DD-ME2 
parametrization [66] which was calibrated to the properties of fi-
nite nuclei. This parametrization has been tested on the entire 
nuclear chart with great success and agrees with experimentally 
known bounds on the empirical parameters of nuclear matter. In 
the hypernuclear sector, the vector meson-hyperon couplings are 
given by the SU(6) spin-flavor-symmetric quark model, whereas 
the scalar meson-hyperon couplings are determined by fitting 
them to the potentials extracted from hypernuclear systems. For 
the resonance sector, the vector meson-� couplings are chosen 
close to the meson-N ones, whereas the scalar meson-� couplings 
are determined by fitting them to certain preselected potentials 
extracted from heavy-ion collisions and the scattering of electrons 
and pions off nuclei (for an overview see Refs. [24,28,29,33]). Note 
that in this manner we assume that the hyperon and � potentials scale 
with density the same way as the nucleonic potentials, and therefore 
3

their high-density behavior is inferred from that of the nucleons. This 
assumption has its justification in the quark substructure of the 
constituents. However, first-principle computations that may sup-
port our assumption is still lacking. See Refs. [30,63] for details of 
the model.

The nuclear matter EoS can be characterized in terms of the 
double expansion, shown in Eq. (1), around the saturation den-
sity and the isospin symmetrical limit. In Refs. [45,63] it has been 
shown that the gross properties of compact stars are very sen-
sitive to the higher-order empirical parameters of nuclear matter 
around the saturation density, specifically to the isoscalar skewness 
Q sat and isovector slope Lsym. Note also that the low-order em-
pirical parameters are well constrained by physics of finite nuclei. 
The combined analysis of terrestrial experiments and astrophysi-
cal observations predict a value for the slope of symmetry energy 
Lsym = 58.7 ± 28.1 MeV [69]. The skewness Q sat is highly model 
dependent. For example, non-relativistic Skyrme or Gogny mod-
els predict (predominantly) negative Q sat value [45,70], whereas 
relativistic models predict both positive and negative Q sat val-
ues [45,71,72]. With this in mind, we vary Q sat and/or Lsym indi-
vidually within a wide range and study their impact on the proper-
ties of compact stars, by modifying (only!) the density-dependence 
of the functional at high density; its well-tuned features at and 
around the saturation density remain fixed as the defaults of DD-
ME2 [66], namely, Ksat = 251.2 MeV and Esym = 32.3 MeV.

Fig. 1 shows the EoS and the corresponding speed-of-sound 
squared for purely nucleonic and �-admixed hyperonic stellar 
matter for a range of the parameters Q sat, Lsym and values of �-
potential VD in symmetric nuclear matter (VD/VN = 1, 4/3 and 
5/3, where VN is the nucleonic potential). All those EoS mod-
els fulfill the constraints of 2 M� observations [6,73]. The results 
for �-admixed hyperonic stellar matter with V D/VN < 1 are not 
shown, since in this case, the � population is rather small [29,31]. 
In Fig. 1 (b) we illustrate also the EoSs of �-admixed hyperonic
matter for three values of �-potential. It is seen that �’s soften
the EoS at low densities which directly implies smaller radii for 
not very massive members of the sequences. This effect increases 
with the depth of the �-potential, i.e., the larger is the attractive 
the �-potential, the smaller is the radius of the intermediate-mass 
compact star (see Fig. 4 below).

3. Results and discussions

3.1. Nucleonic EoS models

We first consider static (non-rotating) as well as rapidly ro-
tating compact stars made of purely nucleonic matter. Figs. 2 (a) 
and (b) show the mass-radius and mass-tidal deformability re-
lationships computed for Q sat values −600, −300, 0, 300, 600, 
and 900 MeV (in that order from left to right) and Lsym values 
of 30 (red curves), 50 (green curves), and 70 MeV (blue curves). 
Observational constraints from multi-messenger astronomy are 
highlighted. These concern the masses of PSR J0348+0432 [73]
and PSR J0740+6620 [6], the compactness and tidal deformabil-
ity constraints extracted from the binary compact star mergers 
GW170817 [5,74,75] and GW190425 [76], the mass and radius 
measurements for PSR J0030+0451 by NICER [11,12], and the mass 
of the secondary component of GW190814 [34].

One sees from Fig. 2 (a) that compact stars with masses of 
around M ∼ 2.5 M� require nucleonic EoS models with large and 
positive Q sat values in the range Q sat � 600 MeV, where Lsym
can be 30, 50, or 70 MeV. These EoS models, however, lead to 
12.9 � R1.4 � 13.7 km for the radius of a 1.4 M� star, as can be 
read off from Fig. 2 (a), and to tidal deformabilities �1.4 � 700
(Fig. 2 (b)), both of which being at variance with GW170817 obser-
vation [5]. In fact the revised upper limit on �1.4 is 190+390 (90% 
−120
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Fig. 2. Mass-radius (a) and mass-tidal deformability (b) relations of static (i.e., non-
rotating), purely nucleonic stellar configurations generated by tuning the isoscalar 
skewness coefficient Q sat and the slope of symmetry energy Lsym. Modern con-
straints from multi-messenger astronomy are shown by the color regions (see text 
for details). (c) Same as (a), but for rapidly rotating (Keplerian) sequences.

credibility interval) [5], which does not overlap with �1.4 � 700. 
Furthermore, we checked that the EoSs for symmetric nuclear mat-
ter computed with these models are much stiffer than the range of 
admissible EoS deduced from studies of heavy-ion collisions [77]. 
A similar conclusion was reached also in a recent work where the 
nonlinear CDF models were used [42].

The only EoS models that lead to �1.4 values compatible with 
�1.4 = 190+390

−120 are those computed for (Lsym = 30 MeV, Q sat �
300 MeV), (Lsym = 50 MeV, Q sat � 0 MeV) and (Lsym = 70, MeV, 
Q sat � −300 MeV), as can be deduced from the curves shown 
in the inset in Fig. 2 (b). All these combinations correspond to 
�1.4 � 580 MeV, the upper bound of inferred �1.4 = 190+390

−120. In 
summary, we conclude that the low tidal deformability of a 1.4 M�
compact star inferred from GW170817 makes it highly unlikely 
that the maximum mass of a static, nucleonic neutron star could 
be as high as ∼ 2.5 M� .

Next, we turn to the maximally rotating stellar models shown 
in Fig. 2 (c). There exist several codes for computing configurations 
of rapidly rotating compact stars, all of which are based on the it-
erative method of solution of Einstein’s equations [40,78] in axial 
symmetry for any tabulated EoS. The method starts with a “guess” 
4

Fig. 3. The maximum masses of (a) static and (b) Keplerian purely nucleonic stellar 
sequences (color coded column on the right) for a range of values spanned by Q sat

and Lsym. The large-Q sat and small-Lsym range corresponds to compact stars with 
masses exceeding 2.5 M� .

density profile, integrates the stellar structure equations, thus ob-
taining a new input density profile for the following iteration. This 
procedure is repeated until convergence is achieved at each point 
of the spatial grid. In our computations, we use the public do-
main RNS code1 which implements this scheme. Each star shown 
in this figure rotates at its respective (general relativistic) Kepler 
frequency, at which mass shedding from the equator terminates 
stable rotation. There are other rotational instabilities (like the r-
modes) which set a tighter limit on stable rotation than the Kepler 
frequency does. However, the Kepler frequency is particularly in-
teresting as it sets an absolute limit on rapid rotation, and it also 
enables stars to carry the maximum amount of mass. From model 
calculation it is known that the gravitational mass increase can be 
as large as around 20% [39,40] compared to non-rotating stars. As 
shown in Fig. 2 (c), almost all EoS models are capable of producing 
a compact star whose mass falls in the mass range estimated for 
the secondary in GW190814. The only models that fail are those 
based on very negative Q sat values (e.g., Q sat = −600 MeV), inde-
pendent of the value chosen for Lsym. The Q sat = −300 MeV EoS 
models, which fail to support a non-rotating ∼ 2.5 M� compact 
star (Fig. 2 (a)), now support stars with masses exceeding 2.6 M� .

The dependence of the maximum masses for static and Kep-
lerian models on the relevant range of Q sat and Lsym parameters 
for purely nucleonic EoS models is shown in Fig. 3. It allows one 
to easily read-off the maximum masses predicted by any density 
functional once its values for Q sat and Lsym are known.

To summarize, (i) static nucleonic compact stars with masses 
up to 2.5 M� can be obtained for Q sat � 600 MeV, however, the 
tidal deformability �1.4 for such models is in tension with the in-
ference from GW170817; (ii) this tension is lifted if one assumes 
that the unknown secondary in GW190814 is a rapidly rotating 
neutron star composed of nucleonic matter [35–37]; (iii) neverthe-

1 www.gravity.phys .uwm .edu /rns/.

http://www.gravity.phys.uwm.edu/rns/
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Fig. 4. Mass-radius (a) and mass-tidal deformability (b) relations of static stel-
lar configurations containing hyperon-�-admixed matter, generated by tuning the 
isoscalar skewness coefficient Q sat and the slope of symmetry energy Lsym, and the 
�-potential at nuclear saturation density V�/VN = 1 (solid lines), 4/3 (dashed), and 
5/3 (dash-dotted). (c) Same as (a), but for rapidly rotating (Keplerian) sequences.

less, if Q sat ≤ −500 MeV, the static (Tolman-Oppenheimer-Volkoff) 
maximum masses of the models are Mmax

TOV ≤ 2.1 M� and such 
models are in agreement with tidal deformability values �1.4 de-
rived from the GW170817 event and the radius values R1.4 ob-
tained from NICER’s X-ray observations [11,12]. In this case the 
secondary of GW190814 must be a black hole.

3.2. Hyperon-� admixed EoS models

Since the matter in the cores of compact stars is compressed 
to densities several times higher than the density of atomic nu-
clei, the core composition may contain substantial populations of 
hyperons and, as emphasized in several recent papers, by �’s 
too [24–31,79,80]. The possible presence of �’s in the cores of 
neutron stars has not been considered for years since the early CDF 
calculations did show that the �-resonance would appear at densi-
ties too high to be reached in the cores of compact stars [58]. How-
ever, calculations based on more sophisticated microscopic models 
and/or tighter constraints on the model parameters [24–31,79–81]
show that �’s could make up a large fraction of the baryon pop-
ulation in neutron star matter and could also have a significant 
effect on the radii of compact stars [29,31,81].
5

Fig. 5. The maximum masses of Keplerian sequences as a function parameter space 
spanned by Q sat and Lsym. The �-resonance potential is fixed at the largest value 
V� = 5/3VN considered in this work. The large-Q sat and small-Lsym range corre-
sponds to compact stars with masses exceeding 2.5 M� .

In Figs. 4 (a) and (b) the mass-radius and mass-tidal deforma-
bility relations computed for �-admixed hyperonic EoS models are 
shown for Q sat values ranging from 300 to 900 MeV, Lsym values 
of 30, 50 and 70 MeV, and different values for the �-potential 
V� at nuclear saturation density. As can be seen, to support a 
compact star with a gravitational mass of about 2 M� , contain-
ing hyperons and �’s in its core, Q sat needs to be at least as large 
as ∼ 300 MeV. The maximum possible mass of the static stellar 
sequence is Mmax

TOV � 2.2 M� .
Imposing the �1.4 = 190+390

−120 constraint on the EoS, it follows 
from Fig. 4 (b) that all hyperon-�-admixed EoS models are con-
sistent with this constraint if the �-potential is assumed to be 
V�/VN = 5/3, independent of the particular choices of Q sat and 
Lsym. The situation is strikingly different for V�/VN = 1 in which 
case only Q sat = 300 and 600 MeV are allowed for Lsym = 30 MeV. 
For Lsym = 70 MeV none of the three Q sat values leads to tidal 
deformabilities that are in agreement with �1.4 ≤ 580.

Fig. 4 (c) shows the mass-radius relationships of maximally ro-
tating (Keplerian) stellar models computed for our collection of �-
admixed hyperonic EoS models. As can be seen, the rotation at the 
mass shedding limit increases the maximum-possible gravitational 
mass to values in the range of 2.4 M� � Mmax

Kepler � 2.7 M� , depend-
ing on the Q sat and Lsym values and the depth of the �-potential. 
The largest values for Mmax

Kepler are obtained for Q sat ≥ 600 MeV, 
Lsym ≤ 50 MeV, and V�/VN = 5/3. All these models for the EoS 
lead to masses that are consistent with the mass estimated for the 
stellar secondary of the GW170817 event.

The dependence of maximum masses of the Keplerian models 
on the range of Q sat and Lsym parameters in the case V� = 5/3VN
is shown in Fig. 5. We note that the range of Q sat value extracted 
from our analysis has a rather small overlap with the ones ex-
tracted from large samples of non-relativistic and relativistic den-
sity functionals [70,71]. We thus conclude that for the secondary 
object in GW190814 to be a compact star featuring heavy baryons 
requires several extreme assumptions, which apart from maximally 
rapid rotation, requires large values for the �-resonance potential 
in nuclear matter and combinations of Q sat and Lsym that fall out-
side the range covered by all known density functionals, except 
DD-ME2 [66] and a few newly proposed functionals [42,82]. These 
findings support the theoretical expectation that the secondary 
stellar object involved in the GW190814 event is a low-mass black 
hole rather than a supermassive neutron star.

Finally, it should be mentioned that in this work the vec-
tor meson-hyperon couplings are given by the SU(6) spin-flavor 
symmetric quark model. If one fixes the couplings according to 
the more general SU(3) flavor symmetry, the maximum mass of 
static compact stars would increase by about 10% [15,62]. How-
ever, we anticipate that modification of vector meson-hyperon cou-
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plings will not change our main conclusion about the nature of 
GW190814’s secondary member.

4. Summary and conclusions

In this work, we have investigated properties of non-rotating 
as well as rapidly rotating compact stars with and without �-
resonance-admixed hyperonic core compositions. The correspond-
ing models for the EoS are generated with covariant density func-
tional theory. The high-density behavior of nucleonic EoS is quan-
tified in terms of the isoscalar skewness coefficient Q sat and the 
isovector slope coefficient Lsym. The hyperon potentials are tuned 
to the most plausible potentials extracted from hypernuclear data. 
The �-potential in nuclear matter is taken to be in the range 1 ≤
V�/VN ≤ 5/3, as no consensus has been reached yet on its mag-
nitude. The density-dependences of the hyperon- and �-meson 
couplings are assumed to be the same as those of nucleons.

We found that purely nucleonic models for the EoS can ac-
commodate compact stars as massive as M � 2.5 M� , but only 
if the isoscalar skewness coefficient Q sat � 600 MeV. These EoS 
models, however, lead to tidal deformabilities for a 1.4 M� star 
that conflict with observation and are thus ruled out as valid EoS 
models. To resolve the tidal deformability issue, one must have 
Q sat � 300 MeV. The problem that arises from these EoS mod-
els, however, is that they then no longer support a 2.5 M� star 
and thus qualify either. The maximal possible rotation rate at the 
mass shedding limit resolves this issue as it pushes the masses of 
most (with the exception of Q sat � −550 MeV) stellar sequences 
up to the ∼ 2.5 M� mass range. This confirms the earlier find-
ings [35–37] that a rapidly, uniformly rotating compact star made 
of purely nucleonic matter could have been the secondary stellar 
object involved in the GW190814 event.

Taking hyperon and �-resonance populations into account our 
EoS models reduces the masses of compact stars. In particular, the 
maximal masses of non-rotating stars are reduced to 2.0 M� �
M � 2.2 M� if Q sat � 300 MeV. So none of these models comes 
even close to the 2.5 M� constraint set by GW190814. This is 
different if rapid rotation at the mass shedding frequency is con-
sidered. In this case, the stellar models computed for a strongly 
attractive �-potential in nuclear matter of V�/VN = 5/3 reach 
the 2.5 M� mass limit rather comfortably. The situation is strongly 
depending on the Q sat and Lsym values, as graphically illustrated 
in Fig. 5. The smallest value for Q sat is Q sat ≈ 300 MeV for 
Lsym = 30 MeV, while Q sat ≈ 900 MeV for Lsym = 70 Mev. We note 
that all the valid EoS models in this figure lead to R1.4 and �1.4

values that are in agreement with observation. For EoS models 
computed with �-potential V�/VN = 1, the agreement is either 
only marginal or can not be reached at all. The combinations re-
quired for Q sat and Lsym lie outside the range covered by presently 
known non-relativistic and relativistic nuclear density functionals. 
A few exceptions to this are the functionals with values Q sat � 500
MeV and the possibility of Mmax

Kepler/M� � 2.5.
To summarize, current valid EoS models which account for �-

admixed hyperonic matter in the cores of compact stars imply 
that the secondary object in the GW190814 event was most likely 
a low-mass black hole, confirming our earlier conclusion [44]. 
Nevertheless, a neutron star interpretation cannot be excluded at 
this time, but would require a range of extreme assumptions: (a) 
rapid (Keplerian) rotation, which may not be reached due to var-
ious instabilities that may set in at lower rotation frequencies; 
(b) strongly attractive �-resonance potential in symmetric nuclear 
matter; (c) large, positive value of the isoscalar skewness Q sat pa-
rameter.
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