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Neutron stars
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Neutron star structure

M = 1,4M(Sun)•Mass:
M ~ 1 - 2 MS

•Radius:
R ~ 10 - 12 km

•Density:
~ 1014 - 1015 g/сm3

•Mass number:
A ~ 1057 (“giant
nucleus”)

•Number in the 
Galaxy 
~ 108 – 109 NS
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Masses of neutron stars
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• Minimum mass

HESS J1731-347: M = 0.8  0.2 MS

[Doroshenko et al. 2022]

• Maximum mass

PSR J0348+0432:M = 2.01  0.04 MS

[Antoniadis et al. 2013]

J0740+6620: M = 2.14  0.10 MS

[Cromartie et al. 2020]

PSR J0952-0607:M = 2.35  0.17 MS

[Romani et al. 2022]

PSR J0740+6620:
M=2.027 0.067 MS ; R = 12.39  1.14 km
[Riley et al. 2021]

• The most accurate mass measurements 
are for stars in binary systems (~1%)

Any consistent calculation must provide M > 2Ms
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Radii of neutron stars 
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X-Ray Observations 
R = 9–14 km M∼1.4 MS [Lattimer 2012; Özel & Freire 2016]
R = 10–14 km M∼1.4 MS [Steiner et al. 2016, 2018]

The Neutron Star Interior Composition ExploreR (NICER)

PSR J0740+6620:
M=2.027 0.067 MS ; R = 12.39  1.14 km
[Riley et al. 2021]

PSR J0030+0451:
M=1.34 0.16 MS ; R = 12.7  1.2 km
[Riley et al. 2019]

GW 170817
M=1.186 0.001 MS (average);
R = 11.9  1.4 km (average)
[Abbott et al. 2018]
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17/08/17 – multimessenger signal 
(gravitational waves, gamma-ray burst, optical, X-ray, UV, IR)

GW170817 LIGO Virgo, GRB170817A Fermi, INTEGRAL

Maximum mass M=2.16 0.17 MS [Rezzolla ApJL 2018]

Radii 11.82 < R1.4 <13.72 km
Tidal deformability coefficient λ: 𝑄𝑖𝑗 = −𝜆𝜀𝑖𝑗 (Qij – NS quadrupole moment)

Dimensionless coefficient: Λ = 𝜆/𝑀5

Compact Star Mergers

Binary black hole merger

Abbott et al. (LIGO Sci. and Virgo Coll.), PRL 2017
Abbott et al. (LIGO Sci. and Virgo Coll.), PRL 2018  
Abbott et al. (LIGO Sci. and Virgo Coll.), PRX 2019

𝑚1 = 1.4 M⊙ → Λ = 70 − 580; 𝑅 = 10.5 − 13.3 km



Tolman-Oppenheimer-Volkov equation

Baryonic Matter in Neutron Stars 
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Chemical equilibrium

𝜇𝑝 + 𝜇𝑒 = 𝜇𝑛

𝜇𝜇 = 𝜇𝑒

𝜇Λ +𝑚Λ = 𝜇𝑛 +𝑚𝑛

𝜇Ξ− +𝑚Ξ− + 𝜇𝑝 +𝑚𝑝 = 2𝜇Λ + 2𝑚Λ

Burgio et al. 2021



Hyperonic interactions
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Baryonic systems with strangeness (hypernuclei)
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N(u) ~ N(d) ~ N(s)

𝑁(𝐴𝑍) > 2500

𝑁(Λ
𝐴𝑍)~ 35 species

𝑁 ΛΛ
𝐴𝑍 < 10 events

𝑁 Ξ
𝐴𝑍 < 10 events

Λ → 𝜋𝑁 ~40 MeV
Λ𝑁 → 𝑁𝑁 176 MeV

𝜏 ~ 10−10 s

Σ𝑁 → Λ𝑁
Ξ𝑁 → ΛΛ
𝜏 ~ 10−23 s
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Λ-hypernuclei

WS

SHF
RMF

Gal, Hungerford, Millener (2016)

Schulze, Hiyama (2014) Rong, Tu, Zhou (2021)

Λ separation energies

𝐵Λ Λ
𝐴𝑍 = 𝐵 Λ

𝐴𝑍 − 𝐵 𝐴−1𝑍

T. Tretyakova HYPERONS IN NEUTRON STARS

𝑈Λ𝑁 = 𝑈0 + 𝑈𝑆(𝒔𝑁𝒔Λ) + 𝑊𝐿𝑆 𝒍𝒔Λ +
+𝑊′𝐿𝑆(𝒍𝒔𝑁) + 𝑇𝑆12

𝐵Λ 𝐴 → ∞ = 𝐷Λ ≈ 28 − 32 MeV
𝑈𝑆,𝑊𝐿𝑆,𝑊′𝐿𝑆, 𝑇 − 𝑠𝑚𝑎𝑙𝑙
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Σ-hypernuclei
Σ± → 𝑁𝜋 ~113 MeV
Σ0 → Λ𝛾 74 MeV

Σ𝑁 → Λ𝑁 ~ 75 MeV

From (π–, K+)

𝑈Σ 𝑟 = (𝑈0+𝑈𝐿(𝛕𝑐𝑜𝑟𝑒𝛕Σ)/𝐴)
𝜌 𝑟

𝜌0
𝑼𝟎 = +𝟑𝟎 ± 𝟐𝟎𝐌𝐞𝐕

Lane term     𝐔𝐋 ≈ 𝟖𝟎𝐌𝐞𝐕

𝐵Σ+(Σ
4He) = 4.4 ± 0.3 ± 1 MeV

Γ = 7.0 ± 0.70.0
+1.2 MeV

T. Tretyakova

Σ– Σ0 Σ+

N > Z repulsion zero attraction
N = Z zero zero zero
N < Z attraction zero repulsion

Excitation energy spectra of 4He(K–, π–) at 600 MeV/c 
K– momentum (BNL AGS) [Nagae 1998]

ൿΣ
4Не = 𝛼 ൿ3H + Σ+ + 𝛽| ൿ3He + Σ0

| ൿΣ
4𝑛 = | ൿ3H + Σ−

Lane potential
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Double-strangeness hypernuclei
the unique source of information on baryon 

interactions in the S=-2 sector

A-2Z
Λ

Λ

Hyperons binding energy 

𝐵ΛΛ ΛΛ
𝐴𝑍 = 𝐵 ΛΛ

𝐴𝑍 − 𝐵 𝐴−2𝑍

The interaction energy between two Λ hyperons

Δ𝐵ΛΛ(ΛΛ
𝐴𝑍) = 𝐵ΛΛ(ΛΛ

𝐴𝑍) − 2𝐵Λ( Λ
𝐴−1𝑍)

T. Tretyakova



•C(K-,K+) reaction to produce X- then 
stop it in emulsion
(H. Takahashi et al., PRL87(2001)212502)

•Hyperons binding energy of
is obtained to be

BLL = 6.91±0.17 MeV

• In order to extract LL

interaction, we take

DBLL = BLL - 2BL(       )

=0.67±0.17 MeV
 weakly attractive

He6
LL

LHe5

Double-strangeness hypernuclei

HYPERONS IN NEUTRON STARS 13

Ahn et al. 2013

T. Tretyakova
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Double-strangeness hypernuclei
K. Nakazawa, in HandBook in Nuclear Physics. 2023

T. Tretyakova
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[Nakazawa 2023]

Double-strangeness hypernuclei

DΞ ~ – 14 MeV

T. Tretyakova HYPERONS IN NEUTRON STARS

BΞ in [Ξ––12C] E176 experiment



Neutron Stars in 
the Skyrme approach
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𝑉𝑁𝑁 𝒓𝟏, 𝒓𝟐 = 𝑡0 1 + 𝑥0𝑃𝜎 𝛿 𝒓𝟏𝟐 +
1

2
𝑡1 1 + 𝑥1𝑃𝜎 𝒌′2𝛿 𝒓𝟏𝟐 + 𝛿 𝒓𝟏𝟐 𝒌2

+𝑡2 1 + 𝑥2𝑃𝜎 𝒌′𝛿 𝒓𝟏𝟐 𝒌 +
1

6
𝑡3𝜌

𝛼 𝑹 1 + 𝑥3𝑃𝜎 𝛿 𝒓𝟏𝟐 + 𝑖𝑊 𝜎1 + 𝜎2 [𝒌′ × 𝛿 𝒓 𝒌]

• Nucleon-nucleon potential (Vautherin and Brink, 1972):

𝑉Y𝑁 𝒓𝒀, 𝒓𝒒 = 𝑡0
Y 1 + 𝑥0

Y𝑃𝜎 𝛿 𝒓𝐘𝐪 +
1

2
𝑡1
Y 𝒌2𝛿 𝒓𝐘𝐪 + 𝛿 𝒓𝐘𝐪 𝒌′2

+𝑡2
Y𝒌′𝛿 𝒓𝐘𝐪 𝒌 +

3

8
𝑡3
Y𝜌𝛾 𝑹 𝛿 𝒓𝐘𝐪

• Hyperon-nucleon potential (Rayet, 1981):

Skyrme interactions

𝑉ΛΛ 𝒓𝟏, 𝒓𝟐 = 𝜆0𝛿 𝒓𝟏𝟐 +
1

2
𝜆1 𝒌′2𝛿 𝒓𝟏𝟐 + 𝛿 𝒓𝟏𝟐 𝒌2 +

+𝜆2𝒌
′𝛿 𝒓𝟏𝟐 𝒌

• ΛΛ- interaction:

ΛΛ: SΛΛ1’, SΛΛ2, SΛΛ3’ 
(Lanskoy, 1998, 
Minato and Hagino, 2011)

More than 300 parameterizations

ΛΝ - ~ 20 parameterizations
ΞΝ – SL3x (Sun et al 2016)

– GZSx (Guo et al 2021)
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Nuclear matter  in neutron stars

Nuclear matter 

Energy per nucleon ε = E(Yp, ρ)/A

Saturation density ρ0 = 0.17±0.03 fm–3

Symmetric nuclear matter SNM energy per nucleon E0 𝐸0= ቚ
𝐸𝑆𝑁𝑀

𝐴 𝜌=𝜌0

Nuclear symmetry energy aS= S(ρ = ρ0 ), Yp = Z/A 𝑆 =
1

8

𝜕2ε

𝜕𝑌𝑝
2

𝑁=𝑍

Symmetry energy first derivative L 𝐿 = 3𝜌0
𝜕𝑆

𝜕𝜌 𝜌=𝜌0

Symmetry energy second derivative Ksym 𝐾𝑠𝑦𝑚 = 9𝜌0
2 𝜕2𝑆

𝜕𝜌2 𝜌=𝜌0

Incompressibility Kinf 𝐾𝑖𝑛𝑓 = 9𝜌0
2 𝜕2𝐸𝑆𝑁𝑀

𝜕𝜌2 𝜌=𝜌0

E0 ~ –16 MeV

aS = 30–35 MeV



RMF - [Dutra, 2016]

The strongest correlations are observed between the characteristics of neutron stars and the 
properties of matter that depend on isospin asymmetry (L and Ksym).Significantly smaller 
correlations for incompressibility KInf.

Nuclear symmetry energy

SkO SkX
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Hadronic matter  in neutron stars

Skyrme

n n

p p

e– e–

μ–μ–

npeμ



Coefficient  of tidal deformability λ ---
proportionality coefficient between the external 
gravitational field and the quadrupole moment of 
the star:

It is more convenient to describe tidal 
deformations using a dimensionless coefficient:
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Tidal deformability

GW170817

[1] Abbott et al. (LIGO Sci. and Virgo Coll.), PRL 2017
[2] Abbott et al. (LIGO Sci. and Virgo Coll.), PRL 2018  
[3] Abbott et al. (LIGO Sci. and Virgo Coll.), PRX 2019

npeμ



Hyperon puzzle
Speed of sound

npeμ

Equation of state EoS

Заселенности
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n

Λ

p

npeμ

npΛeμ

SkI3 + YBZ6 + SΛΛ2



Hyperon puzzle
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𝑽𝜦𝑵(𝝆𝑵) =
𝟑

𝟖
𝒕𝟑
𝚲𝝆𝜸 𝑹 𝜹 𝒓𝚲𝐪 S. Mikheev (Thu 3/07 16-20)  

Density dependent term in ΛN-interaction



NS characteristics 
for different Skyrme ΛN and ΛΛ parametrizations 
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Hadronic matter in neutron stars

npΛeμ

no hyperons
no hyperons



Dependence of tidal deformability on the radius of a star for 
matter including Λ-hyperons
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Hadronic matter in neutron stars

SkI3 Sly230a

npΛeμ
no hyperons

no hyperons

Dots and limits are for M = 1.4MS
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Hyperon appearance in baryonic matter
Hyperon binding energy in nucleonic matter: 𝐷𝑌 ≡ −𝜇𝑌

Critical energy of hyperon in baryonic matter:                       𝐷Λ
𝑐𝑟 = 𝑚Λ −𝑚𝑛 − 𝜇𝑛

𝐷Ξ−
𝑐𝑟 = 𝑚Ξ− +𝑚𝑝 + 𝜇𝑝 − 2𝑚𝑛 − 2𝜇𝑛

Condition of hyperon appearance:                     𝐷𝑌= 𝐷𝑌
𝑐𝑟
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Hyperon appearance in baryonic matter

Λ’s appear first Ξ–’s appear first

Ξ–’s don’t appear Λ’s don’t appear
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Hadron matter in neutron stars

npΞ–eμ

NS characteristics 
for different Skyrme ΞN parametrizations 

Sly230a
+ΞN
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Hadron matter in neutron stars

npΛΞ–eμ

NS characteristics 
for different Skyrme ΞN parametrizations 

Sly230a
Sly230a
YBZ6
SΛΛ3’
+ΞN
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Hypernuclear interaction contracting power KY

[Lanskoy, Tretyakova 1989]

𝐾𝑌 𝜌𝑁 = 3𝜌𝑁
𝑑𝐷𝑌
𝑑𝜌𝑁

Density at the hyperon appearance point versus contracting power of hypernuclear interaction 

Hyperon appearance in baryonic matter

Λ Ξ–
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Hadronic matter in neutron stars

Correlations between NS and baryonic interaction 
characteristics

Pearson correlation coefficients
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Hadronic matter in neutron stars

Correlations between NS and baryonic interaction 
characteristics

𝑀max
𝑓𝑖𝑡

= 𝑎𝐾0 + 𝑏𝐿 + 𝑐𝐾Y +𝑑

PRELIMINARY

𝑁𝑁 + ΞN 𝑁𝑁 + ΛN + SΛΛ3′



Conclusions
• Hypernuclei remain the main source of information on hyperonic interactions 

(but: density is close to nuclear one, nuclear cores are near valley of stability). 
Neutron stars are the additional check-point for hypernuclear interactions 
features.

• Information on ΛΛ, ΞN and ΣN interactions is very much needed – we are 
waiting for data on the corresponding hypernuclei.

• Determination of the maximum mass of a neutron star and estimation of tidal 
deformability place new constraints on the properties of baryon interactions.

• The factors influencing the appearance of Λ and Ξ hyperons in the matter of 
neutron stars are considered and it is shown that the most important 
characteristic of YN forces is its contracting power. Various scenarios for the 
appearance of hyperons in the matter of neutron stars are shown.
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THANK YOU FOR YOUR ATTENTION!

tretyakova@sinp.msu.ru

T. Tretyakova
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Back-up 



Updated from: O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57 (2006) 564.

(2006)
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Λ-hypernuclei

<= Few-body / Cluster models Mean-field models =>

Λ separation energies

𝐵Λ Λ
𝐴𝑍 = 𝐵 Λ

𝐴𝑍 − 𝐵 𝐴−1𝑍

Λ
6H

+
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Энергия на нуклон

Полная энергия и плотность энергии

Давление

Барионная материя в нейтронных звездах

Химическое равновесие

i = n,p,Λ
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ΛΛ – взаимодействие
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NS
(зависимость от плотности)
(Lanskoy, Yamamoto 1997,
Михеев и др. 2025)

ΛΛ Радиус взаимодействия
SΛΛ1' Малый
SΛΛ2 Средний
SΛΛ3' Большой

SΛΛ1’
SΛΛ2

SΛΛ3’

NS

SΛΛ1’, SΛΛ2, SΛΛ3’ 
(без зависимости от плотности)

Михеев


