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Stellar properties indicating the presence of hyperons in neutron stars
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We describe distinctive stellar features indicating the presence of hyperons in neutron stars as compared to

purely nucleonic systems. A strongly negative curvature of the mass-radius relation R(M ) is characteristic of

hyperons, which can be determined from measurements of neutron stars with three different masses. Similarly,

a reduced second derivative of the tidal deformability as a function of mass λ(M ) points to hyperonic degrees of

freedom in neutron star matter. The slopes of such curves R(M ) and λ(M ) can distinguish a hyperonic equation of

state from purely nucleonic models if they appear increased [decreased for λ(M )] relative to the maximum mass

of neutron stars.

DOI: 10.1103/ygtr-ktqk

I. INTRODUCTION

Non-nucleonic degrees of freedom such as hyperons are

widely discussed as possible components of neutron star (NS)

matter. Since the constituents of high-density matter and their

interactions are not precisely known, the equation of state

(EoS) of NSs is subject to uncertainties [1–7]. The EoS of

cold NSs in beta equilibrium is a unique relation between

pressure and energy density that unambiguously determines

the stellar structure like the mass-radius relation or the tidal

deformability of stars in binaries through the relativistic stellar

structure equations [8–12]. By measuring stellar parameters of

NSs, it is thus possible to probe the EoS and learn about the

fundamental building blocks of high-density matter, e.g., the

presence of hyperons. These efforts are linked to numerous

theoretical and experimental studies to understand the inter-

actions between hyperons and nucleons [13–15].

Many theoretical models of the EoS with different de-

grees of sophistication have been devised for purely nucleonic
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matter as well as for matter with hyperons [16]. The occur-

rence of hyperons is known to be associated with a softening

of the EoS, which would generally result in a reduction of

NS radii and the maximum mass of NSs [6,17–23]. However,

to the best of our knowledge, there is to date no clear and

distinctive quantitative measure known based on which a dis-

crimination between purely nucleonic and hyperon-admixed

matter in NSs is possible employing measurements of stellar

structure properties. Only a statistical approach considering

the slope of the mass-radius relation has been discussed in

Ref. [24], where radii decreasing with mass in the range 1.2 to

1.4 M⊙ point to a lower likelihood of hyperons being present

in NSs. Statistical arguments have also been employed in

Ref. [25], and cooling observations may also provide valuable

information on the composition of NSs [18,26–36].

The capabilities of NS observations to determine stellar

properties are continuously growing, for instance, with the

x-ray timing measurements of Neutron star Interior Compo-

sition Explorer (NICER) [37–40] or with gravitational-wave

observatories [41–44], and several new instruments are pro-

jected to advance these efforts in the next decade [45–48].

However, the current lack of a distinct feature of hyperons

imprinted on the stellar structure parameters implies that even

precise measurements of NS properties would not allow to

infer the hyperon content of NSs and solve the “hyperon

puzzle” (cf. Refs. [6,14,15,17–23,49,50]).
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In this paper, we propose to consider the curvature and

the second derivative with respect to mass of the mass-radius

curve and the mass-tidal deformability relation to identify

the presence of hyperons in NSs or, generally, non-nucleonic

degrees of freedom. Those parameters quantify the bending

toward smaller NS radii with increasing mass and are found to

be characteristically lowered if hyperons are present. We also

find that the slope of the aforementioned relations at a fixed

mass compared to the maximum mass of NSs can indicate

hyperonic degrees of freedom. Observationally, these charac-

teristics are accessible by considering several measurements

of NSs with different masses. The stellar structure does not

give a handle on which mechanisms and degrees of freedom

are responsible for softening the EoS. Thus, ultimately, the

properties discussed here can only indicate that non-nucleonic

degrees of freedom soften the EoS so strongly that it is incom-

patible with purely nucleonic models. Non-nucleonic degrees

of freedom appearing via a first-order phase transition (such

as quarks in many models) result in a characteristic kink in

the mass-radius relation, which has been discussed as poten-

tial signature for many years [1,2,6,51], and thus identifying

a quantitative signature for a smoother occurrence of non-

nucleonic degrees of freedom remains a major challenge.

II. EOS SAMPLE

We base our study on a very large set of microphysical

EoS models for matter in beta equilibrium and at zero tem-

perature. This sample includes 47 hyperonic models and 248

purely nucleonic EoSs (see the Appendix). These tables stem

from three sources, to which we refer for more details. One

subset consists of various models that we previously used

in NS merger simulations [52,53] and which were obtained

through private communication or various webpages [54–91].

Another larger set of models is taken from the Compose repos-

itory [16], where we include all baryonic NS matter models

with a maximum mass of at least 1.9 M⊙ [5,70,92–153].

We supplement our sample with a selection of models for

purely nucleonic [145,154] and hyperonic [155,156] matter

constructed from covariant density functional theory. Overall,

our sample represents a large variety of models, which are

based on different theoretical frameworks (e.g., nonrelativistic

and relativistic density functional methods) and adjusted to

different experimental data (properties of nuclear matter and

nuclei). We include parametric models only if they are fitted

to reproduce actual microphysical models and we refrain from

using agnostic approaches to the EoS since they do not inform

about the composition and thus the potential presence of hy-

perons. All EoS models reach a maximum NS mass of at least

1.9 M⊙, which is somewhat below the limit imposed by heavy

pulsars [157–161], but it is advantageous to slightly enlarge

the range of possible models (only nine hyperonic and eight

purely nucleonic models have Mmax < 2.0 M⊙). Otherwise,

we do not employ any additional selection criteria for the

EoS sample albeit various constraints might have already been

imposed during the development of certain EoS models.

Since our sample includes many of the currently avail-

able microphysical EoS models, we assume that our set is

representative and covers sufficiently well the span of pos-

sible microphysical EoSs of purely nucleonic matter. The

FIG. 1. Mass-radius relations of NSs considered in this study for

hyperonic EoSs (blue) and purely nucleonic EoSs (gray). Dashed

curves indicate EoSs with Mmax < 2.0 M⊙.

number of EoSs with hyperons is smaller because of the

limited availability of such models, although the sample still

covers a broad range with regard to the resulting stellar prop-

erties and, for instance, the EoSs from Ref. [155] have been

chosen to represent the possible variations within the respec-

tive model. For our line of reasoning, it suffices to show that

hyperonic models exist that behave different from all possible

purely nucleonic EoSs.

III. RADIUS CURVES

For all EoSs, we compute the circumferential radii R and

tidal deformability λ as a function of gravitational mass M

using the extended set of relativistic stellar structure equa-

tions [8–12]. λ is given by 2
3
k2R5 with the tidal Love number

k2. All curves are provided in the Appendix. In mass-radius

relations (Fig. 1), hyperonic models often exhibit the tendency

to more strongly bend over to smaller radii with increasing

mass. We intend to assess and quantify this effect as a charac-

teristic indicator of hyperons in NSs.

To this end, we propose to consider the curvature of the

curves R(M ). We compute κR = d2R
dM2 (1 + ( dR

dM
)2)−3/2, where

we obtain the first and second derivatives by finite differencing

of the R(M ) curves [162]. Geometrically κ quantifies the

inverse of the curvature radius of a curve. Using G = c = 1,

we express radii (and λ) in units of mass such that derivatives

and κ are dimensionless.

Figure 2 shows κR as a function of mass for hyperonic

and purely nucleonic EoS models. As may already be ob-

vious from the mass-radius relations, the curvature typically

decreases with mass turning from positive to negative κR and

reaches a minimum to finally rise as M goes to Mmax. The

mass-radius relations of hyperonic models can feature partic-

ularly small, i.e., strongly negative, curvatures in comparison

to nucleonic EoSs especially for 1 M⊙ � M � 2 M⊙. Only

some nucleonic models with Mmax well above 2.0 M⊙ can

yield similarly small κR at larger masses above ∼2.0 M⊙.

The small curvature for hyperonic EoSs is a consequence

of the softening of the EoS at densities where hyperons occur.
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FIG. 2. Curvature κR as a function of mass for purely nucleonic

(gray) and hyperonic (blue) EoSs. Dashed curves indicate EoSs with

Mmax < 2.0 M⊙. For numerical reasons, the curves terminate slightly

before Mmax.

The mass where κR starts to significantly drop approximately

corresponds to the onset density of hyperon production. A

strongly negative curvature is found for most hyperonic EoSs

of our sample although there are a few exceptions (7 out of

47 hyperonic models do not reach below κR = −1.5). Con-

sidering the ten hyperonic models with the smallest minima

of the curvature, two models have Mmax < 2.0 M⊙, while

eight EoSs are compatible with the constraints from pulsar

measurements.

This finding suggests to measure κR in the range 1 M⊙ �
M � 2 M⊙ to discriminate a hyperonic EoS from purely

nucleonic EoSs. In particular, in the range 1.4 M⊙ � M �
2.0 M⊙ there exists no nucleonic model reaching below κR =
−2.5. The smallest κR reached by nucleonic models depends

on mass, and in fact the bulk of the nucleonic models does not

reach below κR = −1.5 for M < 2.0 M⊙ (below κR = −1.0

for M < 1.6 M⊙). Note that κR not dropping below −1.5 does,

however, not exclude the presence of hyperons.

A measurement of κR could be achieved in future by

accurate radius measurements at three different masses allow-

ing for a finite differencing estimate of the first and second

derivatives of R(M ). We estimate the requirements for the

identification of a hyperonic EoS through a determination of

κR, where we illustrate the discussion by considering κR at a

fixed reference mass Mref = 1.6 M⊙. Analogue results can be

obtained for 1.5 M⊙ � Mref � 2.1 M⊙. The crosses in Fig. 3

display κR(M = 1.6 M⊙) as a function of the radius R1.6 of

a 1.6 M⊙ NS, demonstrating again the finding from Fig. 2

that hyperonic models are distinguished by particularly small

curvatures.

There are two sources of error to be considered when the

curvature is extracted from measurements. (1) Computing the

derivatives through finite differencing requires the measure-

ment at three different masses with the “discretization error”

increasing with the step size �M, i.e., the difference between

the masses where radii are measured. For simplicity, we here

assume a constant �M around Mref = 1.6 M⊙, i.e., measure-

ments at 1.6 M⊙ − �M, 1.6 M⊙, and 1.6 M⊙ + �M. (2) The

FIG. 3. Curvature κR evaluated at a fixed mass of 1.6 M⊙ as

a function of the radius R1.6 = R(1.6 M⊙) for purely nucleonic

(gray) and hyperonic (blue) EoSs (crosses; asterisks for EoSs with

Mmax < 2.0 M⊙). Radius measurements at M = 1.6 M⊙ and M =
(1.6 ± 0.25) M⊙ yield an estimate of κR(1.6 M⊙) (dots). Error bars

indicating corresponding precision for an assumed radius uncertainty

of δR = 100 m (only for hyperonic models).

radius measurements will only have a finite precision, which

implies a corresponding uncertainty when the finite difference

formulas are evaluated. For simplicity, we adopt the same

uncertainties δR in all three measurements and neglect errors

in the mass determinations, which we assume to be absorbed

in the radius uncertainties.

The dots in Fig. 3 show which κR would be inferred for

�M = 0.25 M⊙ with second-order centered finite differenc-

ing. The difference between the crosses and dots quantifies

the error associated with (1), and this “discretization error”

remains small for �M � 0.3 M⊙. For chosen �M and δR, we

then draw error bars in Fig. 3 illustrating the error stemming

from (2). Those are obtained by a standard error propagation

through the finite difference formulas. In this specific exam-

ple in Fig. 3 with �M = 0.25 M⊙ around Mref = 1.6 M⊙,

an accuracy of the radius measurements of about 100 m is

required to distinguish a hyperonic EoS, meaning that the

corresponding error bars of certain hyperonic models hardly

overlap with purely nucleonic models. The error bar grows

linearly with δR but decreases with larger �M.

The accuracy of about 0.1 km is not yet available in

current measurements, although on longer terms an order of

magnitude improvement of the error might not be completely

unrealistic [163–169]. We also note that statistical approaches

and the inclusion of more than three measurements may im-

prove the determination of κR. The exact requirements for

an identification of hyperons through κR also depend on the

considered reference mass. For instance, at masses above 1.6

M⊙ the differences in κR between hyperonic and nucleonic

models become more pronounced (Fig. 2), but obtaining mea-

surements with sufficiently large �M might be less likely as

one approaches Mmax.
d2R
dM2 at a given mass 1.5 M⊙ � Mref � 2.0 M⊙ versus

R(Mref ) may also be an interesting indicator for hyperons,

where several hyperonic models tend to lie at lower values
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FIG. 4. Second derivative of λ(M ) with respect to mass M for

hyperonic EoSs (blue) and purely nucleonic EoSs (gray). Dashed

curves indicate models with Mmax < 2.0 M⊙.

than purely nucleonic EoSs (similar to Fig. 3 but less pro-

nounced; see the Appendix).

IV. TIDAL DEFORMABILITY CURVES

We now discuss the tidal deformability as indicator of

hyperonic EoSs. We remark that the occurrence of features

of hyperonic models in the first and second derivatives with

respect to mass and the curvature κ depends on whether one

considers λ(M ) or �(M ) = λ(M )/M5 because the specific

effects of hyperons can cancel each other in different terms.

The imprint of hyperons becomes distinct and clear if one

considers the second derivative. This occurs very prominently

in Fig. 4, showing the second derivative d2λ
dM2 (M ), where hy-

peronic models yield particularly small values for 1.4 M⊙ �
M � 1.85 M⊙. At larger masses, nucleonic models can feature

similarly small d2λ
dM2 as all models exhibit a decrease of d2λ

dM2

toward Mmax.

The potential of this signature is further demonstrated in

Fig. 5 (analogue to Fig. 3). We provide an uncertainty es-

timate for d2λ
dM2 at Mref = 1.6 M⊙ with �M = 0.25 M⊙. For

the figure, we assume δλ = 100, i.e., a determination of λ

within a few percent, which seems sufficient to discriminate

hyperonic EoSs from purely nucleonic EoSs. Depending on

the exact EoS, even larger δλ could still yield evidence for

hyperons in NSs noting that the uncertainty grows linearly

with δλ. The difference between the crosses and the dots again

visualizes the “discretization error,” which is still acceptable

for �M = 0.25 M⊙. Similar figures can be obtained for other

choices of the reference mass 1.4 M⊙ � Mref � 1.85 M⊙. For

κλ(M ), i.e., the inverse curvature radius in λ(M ), we do not

find features indicative of hyperonic EoSs.

It is similarly possible to consider �(M ), where hyperonic

models do not stand out prominently in relations like d2�
dM2 (M )

or κ�(M ). Evaluating those quantities at fixed reference mass

1.6 M⊙ � Mref � 2.0 M⊙ versus �(Mref ), some hyperonic

models yield a characteristically reduced κ�(Mref ) compared

to purely nucleonic EoSs, whereas d2�
dM2 (Mref ) is elevated (but

FIG. 5. Second derivative of λ(M ) with respect to mass M at

fixed mass M = 1.6 M⊙ as a function of λ(M = 1.6 M⊙). Symbols

and colors have same meaning as in Fig. 3. See main text for details.

some nucleonic models are similarly enhanced). For those hy-

peronic models, measurements of � within a few percent are

sufficient to identify this signature of hyperons. However, in

comparison to d2λ
dM2 , the signatures are not as pronounced and

especially for d2�
dM2 several purely nucleonic models overlap

(see the Appendix).

V. SLOPES

Finally, we highlight the slopes dR
dM

and d�
dM

as indicator for

hyperons (cf. Refs. [24,170–177]). Reference [24] argued that
dR
dM

< 0 in the range 1.2 M⊙ � M � 1.4 M⊙ would favor a

nucleonic model employing statistical considerations without

noting a distinctive feature for hyperonic EoSs. The slope of

R(M ) or similarly of λ(M ) and �(M ) at a fixed mass on its

own is not very conclusive with regards to the presence of

hyperons because nucleonic models overlap over the whole

range of hyperonic models (see the Appendix; with dλ
dM

ap-

pearing slightly more promising).

We, however, point out that comparing the slopes at a fixed

mass to the maximum mass, some specific hyperonic models

stand out clearly. Figure 6 shows dR
dM

and d�
dM

evaluated at

Mref = 1.6 M⊙ as a function of Mmax demonstrating that an

increased (decreased) slope in dR
dM

( d�
dM

) compared to Mmax is

a distinctive feature of hyperonic models. For d�
dM

there are,

however, two nucleonic models with similarly small slope.

For dλ
dM

, hyperonic EoSs do not occur distinguished. Similar

findings hold for 1.2 M⊙ � Mref � 1.8 M⊙. At first glance,

an increased slope of R(M ) may seem counterintuitive as

indicator of hyperons as one would associate it with a certain

stiffness of the EoS. In those models, hyperons soften the EoS

at higher densities and thus reduce Mmax more strongly than

any purely nucleonic model with the same slope.

Measuring a slope can be assessed by assuming measure-

ments for NSs with two masses separated by �M. Employing

second-order finite differencing, the uncertainty in the slope

is given by
√

2 δR
�M

and
√

2 δ�
�M

, respectively, neglecting the

discretization error, which is very small for �M ∼ 0.2 M⊙

013253-4



STELLAR PROPERTIES INDICATING THE PRESENCE … PHYSICAL REVIEW RESEARCH 8, 013253 (2026)

FIG. 6. Slope of R(M ) (top) and �(M ) (bottom) at a fixed mass

of Mref = 1.6 M⊙ as a function of the maximum mass of NS. Sym-

bols and colors have the same meaning as in Fig. 3 with error bars

computed for the values mentioned in the main text.

and Mref ∼ 1.6 M⊙. The scales in Fig. 6 suggest that δR ∼
0.1 km or δ� ∼ 100 (about 10% level) is sufficient with

�M = 0.2 M⊙ to identify hyperons. While these demands

on measurements look relatively promising especially for the

tidal deformability, the identification of hyperons via these

features also requires a solid upper bound on Mmax, which may

not be easily available.

VI. DISCUSSION AND OUTLOOK

We describe stellar features that allow to quantitatively

distinguish a hyperonic EoS from purely nucleonic EoSs.

Requirements for corresponding measurements are generally

challenging but not completely out of reach [163–169]. In

particular, the required precision for measurements of the tidal

deformability of a few percent might be feasible with the next

generation of GW detectors [45,47] although this precision

has to be achieved for high-mass NSs. Future work should

thus explore the capabilities of new instruments [45–48] and

the potential of statistical methods including, for instance,

more than three measurements.

The effects described in this study are generally associated

with a softening of the EoS, which goes beyond what a purely

nucleonic EoS may attain, and we did not explicitly consider

other non-nucleonic degrees of freedom (apart from � reso-

nances being considered in some of the hyperonic models).

A transition to quark matter might mimic the behavior of

hyperonic models and would thus need to be further dis-

criminated by additional information, e.g., from experiments

like heavy-ion collisions, NS cooling, or NS mergers (e.g.,

Refs. [7,13,18,26–36,52,53,178–181]). If quark matter occurs

via a first-order phase transition (as opposed to the rather

smooth appearance of hyperons), a characteristic kink or even

discontinuity in the mass-radius relation is present [1,2,6].

Future work should also elaborate on which particular prop-

erties of hyperonic matter lead to pronounced features, while

some hyperonic models do not exhibit prominent differences

compared to purely nucleonic EoSs. A refined study may

disregard some of the nucleonic models of our sample by

imposing further experimental or theoretical constraints, by

which hyperonic EoSs may stand out even more clearly in the

discussed relations.
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FIG. 7. Upper panels: Stellar parameters of NSs as a function of mass with the radius (left), the tidal deformability λ (middle), and the mass-

scaled tidal deformability � = λ/M5 (right). The latter two quantities are dimensionless or in geometric units, respectively. Purely nucleonic

models are displayed in gray, while models with hyperons are highlighted in blue. Dashed curves indicate models with Mmax < 2.0 M⊙.

Second-row panels: First derivatives with respect to mass of the respective quantity of the panel above. The same line scheme as in the upper

panels is applied. Third-row panels: Same as second row but with purely nucleonic models visually more emphasized by black curves to assess

overlap between hyperonic and purely nucleonic EoSs. Lower panels: Second derivatives with respect to mass of the respective quantity of the

upper panel.

APPENDIX: EOS MODELS AND ADDITIONAL PLOTS

We list all EoS models used in this study in Table I along

with the respective references and some stellar parameters.

The solutions from the stellar structure equations [8–12]

determining R, λ, and � = λ/M5 are shown in Fig. 7. If

necessary, we extend the EoS tables to smaller densities by

adding a crust EoS [92,102] such that the integration termi-

nates at P ≈ 3 × 1014 dyne/cm2 for all models [182]. The

figure also provides the first and second derivatives with

respect to mass. We obtain these derivatives by numerical

differentiation using a centered second-order finite differ-

ence formula with variable step size. We note that numerical

values of the derivatives or κR can be noisy depending on

the details and accuracy of the Tolman-Oppenheimer-Volkoff

(TOV) solutions, which can be cured by using larger step
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TABLE I. EoS models employed in this work. Columns provide EoS acronym, maximum mass (Mmax), radius and dimensionless tidal

deformability at 1.6 M⊙ (R1.6 and �1.6, respectively), presence of hyperons, and references to the EoS.

EoS Mmax (M⊙) R1.6 (km) �1.6 Hyperons Reference

DDLS(30)-N 2.48 13.06 325.4 No [90]

DDLS(30)-Y 2.01 13.04 321.7 Yes [90]

DDLS(50)-N 2.47 13.32 327.8 No [90]

DDLS(50)-Y 1.99 13.29 319.7 Yes [90]

DDLS(70)-N 2.46 13.64 352.1 No [90]

DDLS(70)-Y 1.97 13.58 337.9 Yes [90]

Bonn1 2.23 12.44 188.3 No [91,92]

Bonn2 2.04 12.44 188.3 Yes [91,92]

DNS 2.09 14.0 403.2 Yes [75]

DSH fiducial 2.17 11.67 121.3 No [87]

DSH large Mmax 2.21 12.67 222.9 No [87]

DSH large SL 2.16 11.66 110.0 No [87]

DSH large R 2.12 12.34 175.3 No [87]

DSH small SL 2.18 11.69 138.4 No [87]

DSH smaller R 2.14 11.26 96.0 No [87]

FSU2H∗L 1.92 13.31 356.2 Yes [89]

FSU2H∗U 2.06 13.35 366.9 Yes [89]

FSU2H∗ 2.01 13.33 355.9 Yes [88]

FSU2R 2.06 12.93 275.2 No [76]

FTNS 2.22 11.46 126.7 Yes [77,78]

LPB 2.1 12.26 166.7 Yes [82,84]

QMC-A 1.99 12.88 242.8 Yes [85]

SRO(SLy4) 2.06 11.57 116.4 No [62,79]

BHBLP 2.1 13.26 305.1 Yes [73]

DD2 2.42 13.32 317.5 No [68,69]

DD2Y 2.03 13.24 300.3 Yes [80,81]

DD2F 2.08 12.24 165.6 No [65,69,74]

WFF1 2.13 10.37 60.7 No [56]

WFF2 2.19 11.07 92.8 No [56]

BSK20 2.17 11.66 129.5 No [57]

BSK21 2.28 12.55 223.3 No [57]

LS220 2.04 12.54 203.6 No [58]

LS375 2.71 13.84 446.0 No [58]

GS1 2.75 14.96 649.2 No [71]

GS2 2.09 13.44 308.5 No [71]

ALF2 1.98 12.65 234.9 No [64,67]

AP3 2.37 11.97 159.3 No [63,67]

ENG 2.24 11.91 153.3 No [61,67]

GNH3 1.96 13.8 317.4 Yes [54,67]

H4 2.01 13.76 341.7 Yes [66,67]

MPA1 2.46 12.46 213.9 No [55,67]

SFHO 2.06 11.8 131.4 No [72]

SFHOY 1.99 11.8 131.1 Yes [80,81]

SFHX 2.13 12.02 167.3 No [72]

SkAPR 2.03 12.37 176.3 No [58,79,83]

TM1 2.21 14.43 488.1 No [59,70]

TMA 2.01 13.69 376.3 No [60,70]

ABHT(QMC-RMF1) 1.95 11.66 118.4 No [92,118,146,147]

ABHT(QMC-RMF2) 2.04 11.90 142.8 No [92,118,146,147]

ABHT(QMC-RMF3) 2.15 12.15 159.6 No [92,118,146,147]

ABHT(QMC-RMF4) 2.21 12.35 201.6 No [92,118,146,147]

APR 2.19 11.26 100.7 No [63,92,102]

BBB(BHF-BBB2) 1.92 10.86 72.4 No [92,101,102]

BL(chiral) w. un. crust 2.08 12.10 147.1 No [82,148,156]

CMGO(GDFM-II) 2.30 13.89 431.1 No [145,148]

CMGO(GDFM-I) 2.31 12.80 233.8 No [145,148]

DNS(CMF) 2.07 13.51 365.3 Yes [112,114,120,121]

DS(CMF-1-ybrid) 2.07 13.50 365.3 Yes [75,112,113,128,136,141]
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TABLE I. (Continued.)

EoS Mmax (M⊙) R1.6 (km) �1.6 Hyperons Reference

DS(CMF-2-Hybrid) 2.13 13.66 401.1 Yes [75,112,113,128,136,141]

DS(CMF-3-Hybrid) 2.00 13.07 285.1 Yes [75,112,113,128,136,141]

DS(CMF-4-Hybrid) 2.05 13.18 303.9 Yes [75,112,113,128,136,141]

DS(CMF-5-Hybrid) 2.07 13.14 298.3 Yes [75,112,113,128,136,141]

DS(CMF-6-Hybrid) 2.11 13.24 316.3 Yes [75,112,113,128,136,141]

DS(CMF-7-Hybrid) 2.07 13.14 298.3 Yes [75,112,113,128,136,141]

DS(CMF-8-Hybrid) 2.09 13.24 316.3 Yes [75,112,113,128,136,141]

GDTB(DDHdelta) 2.16 12.65 253.0 No [102,105,118]

GM(GM1) 2.39 14.11 425.8 No [97,102]

GMSR(BSK14) 1.92 10.88 72.3 No [140]

GMSR(DHSL59) 2.43 12.47 199.7 No [140]

GMSR(DHSL69) 2.41 12.51 200.2 No [140]

GMSR(F0) 2.07 11.55 117.2 No [140]

GMSR(H1) 2.29 11.51 129.1 No [140]

GMSR(H2) 2.31 11.71 144.1 No [140]

GMSR(H3) 2.30 12.04 169.4 No [140]

GMSR(H4) 2.34 11.87 156.5 No [140]

GMSR(H5) 2.38 12.17 180.5 No [140]

GMSR(H7) 2.51 12.85 251.1 No [140]

GMSR(LNS5) 1.98 11.41 105.9 No [140]

GMSR(SLy5) 2.10 11.63 120.1 No [140]

GPPVA(DD2) 2.42 13.22 311.6 No [69,118,126]

GPPVA(DDME2) 2.48 13.30 328.1 No [107,118,126]

GPPVA(FSU2) 2.07 13.71 346.8 No [118,126,149,150]

GPPVA(FSU2H) 2.38 13.38 354.7 No [29,118,126,149]

GPPVA(FSU2R) 2.05 12.91 260.5 No [29,118,126,149]

GPPVA(NL3wrL55) 2.75 13.87 451.8 No [118,126,151]

GPPVA(TM1e) 2.12 13.14 292.3 No [118,126,152]

GPPVA(TW) 2.08 12.18 161.0 No [100,118,126]

OPGR(DD2HdeltaY4) 2.05 12.65 252.7 Yes [102,105,118,119]

OPGR(GM1Y5) 2.12 13.77 425.6 Yes [97,102,119]

OPGR(GM1Y6) 2.29 13.77 425.5 Yes [97,102,119]

PCGS(PCSB0) 2.53 13.34 324.3 No [68,138,143]

PCGS(PCSB1) 2.19 13.04 269.8 No [68,143]

PCGS(PCSB2) 2.02 12.76 225.2 No [68,143]

PCP(BSK22) 2.26 12.98 266.3 No [116,117,122,123,126,129,130,135,142]

PCP(BSK24) 2.28 12.56 224.1 No [116,117,122,123,126,129,130,135,142]

PCP(BSK25) 2.22 12.39 210.2 No [116,117,122,123,126,129,130,135,142]

PCP(BSK26) 2.17 11.69 131.5 No [116,117,122,123,126,129,130,135,142]

PT(GRDF2-DD2) 2.42 13.20 309.8 No [69,124,127]

R(DD2YDelta) 1.1-1.1 2.04 12.84 232.9 Yes [5,69,131,137]

R(DD2YDelta) 1.2-1.3 2.03 13.22 300.6 Yes [5,69,131,137]

R(DD2YDelta) 1.2-1.1 2.05 12.22 166.3 Yes [5,69,131,137]

RG(KDE0v) 1.96 11.19 86.9 No [110,111,121]

RG(KDE0v1) 1.97 11.38 96.1 No [110,111,121]

RG(Rs) 2.12 12.75 227.0 No [94,111,121]

RG(SK255) 2.14 12.93 227.0 No [104,111,121]

RG(SK272) 2.23 13.15 259.2 No [104,111,121]

RG(SKI2) 2.16 13.31 300.7 No [98,111,121]

RG(SKa) 2.21 12.79 228.0 No [93,111,121]

RG(SKb) 2.19 12.18 192.5 No [93,111,121]

RG(SLY2) 2.05 11.63 118.7 No [111,121]

RG(SLY2) 2.10 11.73 131.2 No [111,121]

RG(SLY4) 2.05 11.55 114.0 No [62,111,121]

RG(SLY9) 2.15 12.35 181.0 No [111,121]

RG(SkI3) 2.24 13.44 321.0 No [98,111,121]

RG(SkI4) 2.17 12.31 191.0 No [98,111,121]

RG(SkI5) 2.24 13.91 400.9 No [98,111,121]

RG(SkI6) 2.19 12.42 201.4 No [98,111,121]
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EoS Mmax (M⊙) R1.6 (km) �1.6 Hyperons Reference

RG(SkMp) 2.11 12.34 184.8 No [96,111,121]

RG(SkOp) 1.97 11.86 129.4 No [95,111,121]

SPG(M1) 2.54 12.83 247.4 No [126,153]

SPG(M2) 2.42 12.65 234.8 No [126,153]

SPG(M3) 2.68 12.75 249.8 No [126,153]

SPG(M4) 2.35 12.31 194.3 No [126,153]

SPG(M5) 2.70 13.50 365.4 No [126,153]

VGBCMR(D1M) 2.01 11.58 122.4 No [125,132,137]

XMLSLZ(DD-LZ1) 2.56 13.26 344.2 No [133,139]

XMLSLZ(DDMEX) 2.56 13.46 369.3 No [134,139]

XMLSLZ(DDME2) 2.48 13.26 329.5 No [107,139]

XMLSLZ(GM1) 2.36 13.71 393.0 No [97,139]

XMLSLZ(MTVTC) 2.02 12.83 230.4 No [108,139]

XMLSLZ(NL3) 2.77 14.62 591.0 No [99,139]

XMLSLZ(PK1) 2.31 14.29 478.9 No [106,139]

XMLSLZ(PKDD) 2.33 13.54 326.8 No [106,139]

XMLSLZ(TM1) 2.18 14.14 437.8 No [59,139]

XMLSLZ(TW99) 2.08 12.13 161.0 No [100,139]

eos1 2.21 13.08 341.9 Yes [155,156]

eos2 1.94 14.15 564.8 Yes [155,156]

eos3 2.06 14.12 479.2 Yes [155,156]

eos4 2.07 13.45 363.9 Yes [155,156]

eos5 2.07 13.53 399.8 Yes [155,156]

eos6 1.92 13.43 334.7 Yes [155,156]

eos7 2.03 13.10 295.9 Yes [155,156]

eos9 2.00 12.65 222.2 Yes [155,156]

eos0 2.18 13.19 342.4 Yes [155,156]

eos1 2.08 13.07 339.5 Yes [155,156]

eos2 2.35 14.15 564.8 Yes [155,156]

eos3 2.07 14.12 478.3 Yes [155,156]

eos4 2.08 13.45 363.4 Yes [155,156]

eos5 2.08 13.52 398.1 Yes [155,156]

eos6 1.97 13.45 340.4 Yes [155,156]

eos8 2.16 13.06 304.1 Yes [155,156]

eos0 2.56 13.19 342.4 No [145,156]

eos7 2.29 13.10 295.8 No [145,156]

(GDFM)eos1 2.36 12.89 292.7 No [145,156]

(GDFM)eos3 2.30 12.63 271.9 No [145,156]

(GDFM)eos6 2.26 12.75 240.3 No [145,156]

(GDFM)eos8 2.51 14.38 549.8 No [145,156]

(GDFM)eos11 2.92 14.18 510.1 No [145,156]

(GDFM)eos12 2.45 13.70 372.3 No [145,156]

(GDFM)eos15 2.72 14.17 446.5 No [145,156]

(GDFM)eos19 2.27 12.74 238.4 No [145,156]

(GDFM)eos20 2.65 13.63 384.4 No [145,156]

(GDFM)eos22 2.74 14.94 629.6 No [145,156]

(GDFM)eos24 2.51 14.15 401.3 No [145,156]

(GDFM)eos28 2.18 12.69 214.1 No [145,156]

(GDFM)eos30 2.87 15.16 624.8 No [145,156]

(GDFM)eos36 2.46 13.57 351.3 No [145,156]

(GDFM)eos39 2.51 14.65 583.8 No [145,156]

(GDFM)eos41 2.52 13.76 428.5 No [145,156]

(GDFM)eos43 2.77 13.86 449.0 No [145,156]

(GDFM)eos45 2.77 13.74 414.8 No [145,156]

(GDFM)eos48 2.19 13.11 264.9 No [145,156]

(GDFM)eos50 2.18 12.87 201.1 No [145,156]

(GDFM)eos52 2.08 11.66 135.8 No [145,156]

(GDFM)eos58 2.65 13.87 424.6 No [145,156]

(GDFM)eos60 2.63 14.06 456.8 No [145,156]
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(GDFM)eos61 2.47 14.30 448.7 No [145,156]

(GDFM)eos64 2.18 12.99 282.7 No [145,156]

(GDFM)eos66 2.74 14.87 528.8 No [145,156]

(GDFM)eos67 2.73 14.28 552.6 No [145,156]

(GDFM)eos72 2.88 15.18 642.1 No [145,156]

(GDFM)eos78 2.88 14.53 621.8 No [145,156]

(GDFM)eos80 2.49 13.82 391.5 No [145,156]

(GDFM)eos82 2.77 14.12 540.5 No [145,156]

(GDFM)eos84 2.83 15.03 625.8 No [145,156]

(GDFM)eos85 2.63 15.02 593.5 No [145,156]

(GDFM)eos89 2.19 13.44 301.4 No [145,156]

(GDFM)eos92 2.77 14.61 584.4 No [145,156]

(GDFM)eos94 2.24 12.51 241.1 No [145,156]

(GDFM)eos10 2.55 14.09 479.2 No [145,156]

(GDFM)eos17 2.74 13.41 346.0 No [145,156]

(GDFM)eos54 2.44 12.88 304.4 No [145,156]

(GDFM)eos73 2.37 14.05 455.6 No [145,156]

(GDFM)eos99 2.33 12.32 233.0 No [145,156]

eos101 2.59 13.72 422.5 No [145,156]

eos102 2.47 12.77 301.0 No [145,156]

eos103 2.53 13.68 420.6 No [145,156]

eos105 2.59 13.16 327.7 No [145,156]

eos106 2.62 13.40 381.4 No [145,156]

eos108 2.59 13.29 366.8 No [145,156]

eos109 2.75 13.85 454.9 No [145,156]

eos110 2.39 13.02 277.4 No [145,156]

eos111 2.32 13.31 355.5 No [145,156]

eos112 2.64 13.16 311.6 No [145,156]

eos114 2.38 13.21 311.5 No [145,156]

eos117 2.35 12.65 254.3 No [145,156]

eos118 2.50 13.58 382.3 No [145,156]

eos119 2.40 13.30 335.8 No [145,156]

eos122 2.61 14.28 566.2 No [145,156]

eos125 2.41 12.62 289.9 No [145,156]

eos126 2.74 14.32 551.9 No [145,156]

eos128 2.54 13.58 423.9 No [145,156]

eos13 2.57 14.05 532.0 No [145,156]

eos130 2.69 13.65 400.9 No [145,156]

eos131 2.60 14.27 571.5 No [145,156]

eos132 2.42 12.66 248.3 No [145,156]

eos133 2.40 13.33 349.4 No [145,156]

eos135 2.68 13.91 441.6 No [145,156]

eos138 2.88 13.80 506.3 No [145,156]

eos14 2.64 13.89 483.4 No [145,156]

eos144 2.32 12.59 250.0 No [145,156]

eos147 2.51 12.76 266.5 No [145,156]

eos149 2.42 12.70 275.2 No [145,156]

eos158 2.53 14.06 489.1 No [145,156]

eos16 2.60 13.85 471.4 No [145,156]

eos160 2.72 13.27 374.9 No [145,156]

eos161 2.22 12.74 243.9 No [145,156]

eos162 2.43 12.94 317.0 No [145,156]

eos166 2.47 13.57 403.9 No [145,156]

eos168 2.53 14.13 499.3 No [145,156]

eos171 2.41 12.61 266.9 No [145,156]

eos173 2.64 13.11 379.5 No [145,156]

eos175 2.21 12.25 198.8 No [145,156]

eos176 2.47 12.86 311.1 No [145,156]

eos178 2.30 12.69 251.1 No [145,156]
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eos179 2.59 13.28 370.2 No [145,156]

eos18 2.77 13.33 421.0 No [145,156]

eos182 2.79 13.41 432.4 No [145,156]

eos186 2.68 13.19 367.0 No [145,156]

eos188 2.47 13.26 316.2 No [145,156]

eos191 2.46 14.27 536.7 No [145,156]

eos193 2.52 13.46 363.5 No [145,156]

eos196 2.48 12.75 303.7 No [145,156]

eos198 2.48 12.79 297.0 No [145,156]

eos2 2.67 14.15 564.8 No [145,156]

eos200 2.55 13.68 395.5 No [145,156]

eos203 2.31 13.39 380.6 No [145,156]

eos207 2.52 14.08 504.9 No [145,156]

eos208 2.59 13.16 354.5 No [145,156]

eos211 2.43 13.05 331.3 No [145,156]

eos213 2.59 14.12 510.3 No [145,156]

eos216 2.75 13.46 404.7 No [145,156]

eos223 2.42 13.51 351.3 No [145,156]

eos224 2.63 14.06 496.5 No [145,156]

eos23 2.46 13.58 371.6 No [145,156]

eos231 2.46 13.50 373.9 No [145,156]

eos232 2.65 13.05 322.3 No [145,156]

eos234 2.52 12.72 296.1 No [145,156]

eos26 2.30 13.38 341.7 No [145,156]

eos27 2.67 13.36 416.8 No [145,156]

eos29 2.78 13.49 397.3 No [145,156]

eos33 2.18 13.15 294.6 No [145,156]

eos35 2.35 13.68 387.3 No [145,156]

eos37 2.40 13.73 411.3 No [145,156]

eos4 2.42 13.46 365.1 No [145,156]

eos42 2.41 12.61 300.6 No [145,156]

eos46 2.29 13.25 348.6 No [145,156]

eos47 2.37 13.08 308.5 No [145,156]

eos49 2.48 14.08 513.5 No [145,156]

eos5 2.47 13.53 400.4 No [145,156]

eos53 2.43 14.17 492.0 No [145,156]

eos54 2.37 12.73 288.5 No [145,156]

eos55 2.76 13.83 431.2 No [145,156]

eos56 2.46 12.53 268.3 No [145,156]

eos57 2.50 13.36 348.4 No [145,156]

eos59 2.69 13.31 362.4 No [145,156]

eos63 2.38 13.65 376.7 No [145,156]

eos65 2.73 13.20 377.1 No [145,156]

eos68 2.24 12.55 227.3 No [145,156]

eos69 2.76 14.18 566.6 No [145,156]

eos71 2.43 12.93 310.7 No [145,156]

eos76 2.32 12.67 258.0 No [145,156]

eos77 2.37 12.70 273.8 No [145,156]

eos78 2.85 13.42 435.4 No [145,156]

eos79 2.29 12.87 248.7 No [145,156]

eos81 2.86 13.88 472.0 No [145,156]

eos83 2.99 14.22 595.6 No [145,156]

eos87 2.73 14.36 577.6 No [145,156]

eos88 2.68 13.27 385.3 No [145,156]

eos9 2.22 12.68 227.5 No [145,156]

eos91 2.42 13.38 383.4 No [145,156]

eos93 2.54 12.97 345.4 No [145,156]

eos97 2.86 14.01 512.0 No [145,156]

eos98 2.73 14.11 545.6 No [145,156]
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FIG. 8. Second derivative of R(M ) (left) and �(M ) (right) with respect to mass M at a fixed reference mass M = 1.6 M⊙ as a function of

R(M = 1.6 M⊙) (left) and �(M = 1.6 M⊙), respectively. Symbols have the same meaning as in Fig. 3 of the main paper. We adopt δR = 100 m

and �M = 0.25 M⊙ for the left panel and δ� = 100/1.65 and �M = 0.15 M⊙ for the right panel. See main text for more details.

sized for the finite differences (without effects on the smooth

behavior of the curves). The panels in the third row display

data that are identical to those in the second row but using

a different color scheme to better visualize different purely

nucleonic models. By this, the overlap between hyperonic and

purely nucleonic models becomes more apparent.

Figure 8 shows d2R
dM2 (M ) and d2�

dM2 (M ) at a fixed ref-

erence mass M = 1.6 M⊙ similar to Figs. 3 and 5. For

the right panel, we adopt � = 0.15 M⊙ because the

discretization errors become comparable to errors stem-

ming from the finite precision in � if � = 0.25 M⊙ is

used.
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