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Neutron stars




*Mass:
M~1-2 Mg

*Radius:
R~ 10-12 km

*Density:
~1014- 1015 g/cm3

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

*Number in the

Galaxy
~ 108 — 10°NS
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Masses of neutron stars =
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Radii of neutron stars

X-Ray Observations

R= 9-14 km M~1.4 Mq [Lattimer 2012; Ozel & Freire 2016]
R =10-14 km M~1.4 Mq [Steiner et al. 2016, 2018]

The Neutron Star Interior Composition ExploreR (NICER)
PSR JO740+6620:

M=2.0271£ 0.067 M ; R =12.39 +£1.14 km

[Riley et al. 2021]
PSR J0030+0451:

M=1.34+0.16 M ; R=12.7 £ 1.2 km
[Riley et al. 2019]

GW 170817

M=1.186+ 0.001 M, (average);
R=11.9+1.4km (average)
[Abbott et al. 2018]
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Compact Star Mergers

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 Mq [Rezzolla ApJL 2018]
Radii 11.82 < R, ;,<13.72 km

Tidal deformability coefficient A: Q;; = —A¢g;; (Q; — NS quadrupole moment)
Dimensionless coefficient: A = 1/M>

m; =14 Mg > A=70-580;R =10.5—-13.3 km

Binary neutron star signal

\WAVAVAVAVAV OSSN AN [ T T T S

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

Collapse
to black hole

Contact Merger Postmerger
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Baryonic Matter in Neutron Stars

Chemical equilibrium T T
Up + le = 14
p € n 2.0-
— ] J0348+0432 iy |
Hu = He ; i{ } NICER]
= 4 i AP
Hp T My = Uy + My 201.5- il
Uz + Mg- + Up +my, = 2up + 2my g : cliTeTT o
{——8BoB
1.0 ——v18
1——Ng3
1——uix
| =——APR
0.5+ ——DBHF(A)
{— DBHF(B)
. . 1—FSS2CC - - - Skyrme
Tolman-Oppenheimer-Volkov equation {——Fss2G6C - NLWM
A L% e e, N

dP _ Gp(r) + P(r)/|[m(r) + (4xr°P(r) /)]

dr 12 1 — (2Gm(r)/rc?)

Im

=Z = 4mr?p(r) M
dr
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Hyperonic interactions




Baryonic systems with strangeness (hypernuclei)

N(W) ~ N(d) ~ N(s) A = N (~40 MeV)
i 4‘- - T[ - e

AN = NN (176 MeV)

A T~10710s
p,mAESE
Strage matter |V ( AﬁZ ) < 10 events
{ N-st
s=-cof N(4Z) < 10 events EN = AN
=N - AA
N/ Hhvsermamiar ot N(4Z)~ 35 species T~10"23s
S=-2
5= o~/ N(*Z) > 2500
Voo
i & / / /
s-ooo 10 /‘0 30 40 50 60 70 80 90 100 110 120 130 140 150
neutron
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A-hypernuclei

. . T | T | T I T | T |
A SEpa ratlon energ|es 30 508 A Single Particle States w ik _
_ —_ 139 : (e’e;]i:on
BA(42) = B(42) - B(*7'2) Z s
=
20+
=11]
Upy = Ug + Us(sysp) + Wis(lsy) + 2
/
+W LS(lSN) + TS]_Z %‘) 10+~
2 |
[aa]
Bo(A - ) = D) ~ 28 — 32 MeV N
/ L 1
Us, Wy s, W5, T — small 0 005 01 0.;15 02 025
—2/3
KEK E369 Gal, Hungélrford, Millener (2016)
 Feoy il ke T b e son o] 30208 ‘ EE—
160 | fo . —— SLy4+SLL4]
1402 AR a0k ]
3 100 ; E
% 80 i N 1
% 60 \:\
O : ]
20 0: ¥ ¥ ¥
- b SatyY, ., %S . , :
-10 -5 5 10 15 20 25
Excitation Energy (MeV) 0.02  0.04 o.osA‘mo.os 01 012 0.05 Oiqz,@ 0.15 0.20
Schulze, Hiyama (2014) Rong, Tu, Zhou (2021)
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5t 5 Ni (~113 MeV)
>0 > Ay (74 MeV)

2-hypernuclei

From (i, K*)

T
IN = AN (~ 75 MeV) Us(r) = (UO+UL<rcorerz)/A)$
0
340 | B0 — 1 Uy = +30 £ 20 MeV
S | B 0 Lane term U, = 80 MeV
% | ; .
= = 4He(K ) Lane potential
30
. | = ‘He(K 1" 3" 3
@25 N>Z repulsion attraction
{320 N=Z2 zerq zerg
: N<Z attraction repulsion
15 |
s b |3He) = | H+Z*) + | *He + 2°)
4.\ _ 13 —
) Isn) = | *H+27)
0 Bz+(§He) =444+ 03+1MeV

-40 -30 -20 -10 0 10 20 30 40 50

-B

(MeV) ['=7.040.755% MeV

z
Excitation energy spectra of *He(K~, m~) at 600 MeV/c
K-momentum (BNL AGS) [Nagae 1998]
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Double-strangeness hypernuclei

the unique source of information on baryon
interactions in the S=-2 sector

Hyperons binding energy
Ban(aaZ) = B(44Z) — B("7*2)

The interaction energy between two A hyperons
ABAN(AAZ) = Ban(aZ) — 2BA(*7AZ)
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Double-strangeness hypernuclei

S He double hypernucleus
Unique inlerprelation!!

-+ "C— %He +'He +t
sHe — (He +p+ 1"

0 ‘
D 10 pm

"'NAGARA" event \
presented by E373(KEK-PS) on Jan.2001

*C(K~,K*) reaction to produce =~ then
stop it in emulsion
(H. Takahashi et al., PRL87(2001)212502)

eHyperons binding energy OfA?\He
is obtained to be

B,,=6.914+0.17 MeV

® |n order to extract AA
interaction, we take

AB,, =Byx—2B,(3He)
=0.67=%x0.17 MeV
— weakly attractive

Ahn et al. 2013
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Double-strangeness hypernuclei

K. Nakazawa, in HandBook in Nuclear Physics. 2023

T. Tretyakova

Ev. name Nuclide  Target Baa (MeV)  ABaa (MeV) Comments
Nagara S He 2C 6914016 067+0.17 | Uniquely identified
Danyszetal. },Be 2C 147+04 13+04 19 Be -9 Be* (Ex.=3.0MeV) —
E176 2B MN 233407 06+08 BB =1 C* (Ex.=49MeV)
Demachi- }&Be* 12C 11.90 + 0.13 | —1.524+ 0.15 Most probable (topology)
Yanagi Ex. ~ 2.8MeV for }PABE*
fAHe 2C 110.01 +£1.71 3.77+1.71 | Most probable (mesonic decay)
Mikage 111 Be 12C 22154294 395 +3.00
ILBe [N 123.05+2.59 4.85+2.63
11 12
Hida waBe [12C 2083 +£1.27 261+1.34
12Be 4N 2048 £1.21 (2.00 4 1.21) | Assumed 10.24 MeV for B, (}!Be)
0 Be !0 | 15.05+0.11 1.63+0.14
Mino ILBe 160 19.07+0.11 1.87+0.37 | Most probable (x2 minimum)
ZBe %0 1368 £0.11 —2.7+ 1.0
8 7 12
5001 S Li C 1750+ 146 634+ 1.46
1VBe MN 15.05+£2.78 1.63+2.78 | Likelyby Bpy
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Double-strangeness hypernuclei

= 15¢ [=-.14
=-—Nuclear Bound States E hypernucleus (E C [E-N])

o
§ b
KEK E373 and J-PARC EQ7 experiments o~ 103%018 1.27+0.21 -
S
| R S - ]
Coulomb-Assisted Z—'4N 1p<=- nuclear bound state > 3872021 Ty 3]
= ~
Hayakawa (J-PARC E07), PRL (2021) s 4.96%077 4 .
: @ (1] 6.27%0.27
;..\. #9 o |- > |
.S = 14 1 5 a
o, E- + N - |%Be + 1He. . 8.00£0.77
. ; < Se =5 =
>N § e
IBUKI event ~ L Sl _
N B- in [=—12C] E176 experiment
6 ) 2
o Cases 10-09-06 (x> = 0.4) | 13-11-14 (x> = 1.3)
P ‘H+ 9Be 0824017 3.89 4 0.14
n 1H* 4+ %Be | —0.23+0.17 2.84 +0.15
Yoshimoto, PTEP (2021) 4 9
‘H+ SBe* | — 0.82 +0.14
o— 14 9 5
KINKA (E373) &~ +°"N >’ Be+,He+n 4H* + IBe* | — —0.1940.15

IRRAVADDY (E07) £~ 44N —3 He+3He+*He+n.

> 1s.- nuclear state D. ~-14 MeV
[Nakazawa 2023]
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Neutron Stars in
the Skyrme approach




Skyrme interactions

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

1
Vv (1, 12) = to(1 + xgP;)6(112) + §t1(1 + x1P) (k'?8(r12) + 8(r12)k?)

1
+t,(1 + x, Pk’ 6(rq2)k + gt3p“(R)(1 + x3P;)6(1r12) + iW (0 + 03)[K' X §(r)K]
More than 300 parameterizations

* Hyperon-nucleon potential (Rayet, 1981):

1 ’

Vyn(ry, 1q) = t&(1 + x§P,)8(ryq) + St (k28(ryq) + 6(ryq)K'?)
3
Y,/ Yy

7 k'S (ryq )k + glsP (R)5(ryq) AN - ~ 20 parameterizations

=N —SL3x (Sun et al 2016)

— GZSx (Guo et al 2021)

* AA-interaction:

Van (1, 12) = 496 (1r12) + %/11(’('25(7”12) + 8(rip)k?) +

AN: SANY’, SAA2, SAA3’
+/12k'5(r12)k

(Lanskoy, 1998,
Minato and Hagino, 2011)
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Nuclear matter in neutron stars

Nuclear matter
Energy per nucleon € = E(Y,, p)/A

Saturation density p, = 0.17+0.03 fm3

Symmetric nuclear matter SNM energy per nucleon E, Eq= ES%|
E, ~ —16 MeV s
2
Nuclear symmetry energy a;=S(p = p, ), Y, = Z/A S = %(%)
14 —
a = 30-35 MeV N=2
: . as
Symmetry energy first derivative L L = 3p, (a_)
P/ p=p,
. . 2 0%s
Symmetry energy second derivative K Ksym = 9p¢§ 37
P=Po
2
Incompressibility K King = 905 (a an’zVM)
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a,, MsB

Hadronic matter in neutron stars

Nuclear symmetry energy

15,0 P
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13,5
I o.t.c ] °
13,0 o0y ]
- 12,5
o s 8 ]
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11,5
11,0
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> ]
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.
.
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1001 2, ® RMF - [Dutra, 2016] ]
951 o i
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1 1
04 05 06 0.1 02
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The strongest correlations are observed between the characteristics of neutron stars and the
properties of matter that depend on isospin asymmetry (L and Ky, ). Significantly smaller
correlations for incompressibility K.
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Tidal deformability

Coefficient of tidal deformability A ---

proportionality coefficient between the external
gravitational field and the quadrupole moment of 1200
the star:

Qij = —Ag; 1000
It is more convenient to describe tidal _
deformations using a dimensionless coefficient:  gqol
A
A= 7

GW170817

1=14M, - A=70-580

=105—133I{M[123] 2001

[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
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Equation of state EoS

Hyperon puzzle

Speed of sound

250 T T T T T T T T 10
- - - SkI3+YBZ6 : ' L . T
—— kI3
200 H - SkI3+LYI
£ 150 —
a 100
=0 —— SKI3+LYI+SLL3" |
0oL [——SkI3+YBZ6+SLL3l i
Tl |——skI3 !
0 L | | L 1 L II L 1 L | L 1
1 2 3 4 5 6 7 8 9
n/n,
2,5 1 ,O T T T T T
0,9 N -
20 4 0,8 | |
npAey 07}
= T 1 0.6 I SkI3 + YBZ6 + SAA2 ]
= 05 . A ]
> P 1
1,0 |- B 04 Yn -
0,3 | Y i
—— SkI3+YBZ6+SLL2 L Yo ]
0,5 -—— SkI3+YBZ6 02— ve P i
—— Ski3, no AN 01l \
—— Ski3 . g
0,0 oy ] [ 0,0 g : 1 L 1 . 1 . 1 "
10,5 11,0 11,5 12,0 12,5 13,0 13,5 14,0 145 150 0 1 2 3 4 5 6
R, km n/ng

T. Tretyakova

HYPERONS IN NEUTRON STARS




Hyperon puzzle

p [MeV fin”)

250

200

150

50

— T T T T T

| —— SKI3.no hyperons
| —— SKI3+LYI+ SAA3
SKI3 + SLL4' + SAA3'

Only NN

LYl

/g

Density dependent term in AN-interaction

3
Van(pn) = 3 t3pY (R)8(Tpq)
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LLg'

-J Schulze Hiyama E., 2014
| . [I)ataIPPILIPS]I' Sﬁéll (2006)
—— SLy4+SLL4 ]

7208' '39 '89
E J\Pt:' 1|,\La J\Y 1 1

¥ ]
%S

0.02

0.06 0.08 0.1 0.12

AZ.I’S

0.04

D. E. Lanskoy, Yamamoto Y., 1997
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Hadronic matter in neutron stars

NS characteristics
for different Skyrme AN and A\ parametrizations

2,5 e 2.5 — 17—
[ Sk13 | ; Sly230a |
2 2
135 B . :;:;;I;—**‘——;L;._‘___ N 1 ,5 . -1
O D
e s |
= I = i
1+ - 1+ B
0,51 . 0,5+ .
’ no hyperons
LYLSLLIS  coeer iﬁi—gﬁs [ nofyperons _____ SLL4s_SLL2
. LYI SLL2 YBZ6 SLL1s F—— LYLSLLIs  ---eee SLL4s_SLL3s
P LYI SLI3s  ————m YBZ6 §SLL.2 4 LYI_SLL2 —— YBZ6_SLLIs
| —— SLL4 S_SLLI § s YB Zﬁ:SLLSS B il LYL SEL3s = e YBZ6_SLL2
0 ) | ) | ) A | ‘ i . | . 0 - SLL4s SLLIs; ------- |\ YBZ6_SLL3s i i . L :
8 9 10 11 12 13 14 15 8 9 10 11 12 13 14 15
R (xm) R (kM)
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Hadronic matter in neutron stars

Dependence of tidal deformability on the radius of a star for
matter including A-hyperons

1200_""|"'| T LI ] 1200 —— T T

nohyperons  ___ grr4 sii2
no hyperons  _____ SLLLS  ceeeeee s 3
T SLLi SLL3s [ Tt npAey
S LYT SLL2 YBZ6 SLLIs 1 IRREREED LYI SLL3s  ————— YBZ6 SLL2 |
e IYI SLL3s  ————— YBZ6 SLL2 i SLTds SLLIs - YBZ6_SI13s
1000 — SLL_As_SLils ------- YBZ6_SLL3s | 1000 [ .
800 . 200 F N,
< 600 . < 600 F -
400 - 400 |- -
200 1 200 - |
0 i ) L 0 i L PR T T ST RO N S SRR
9 14 9 12 13 14
R (km)
Dots and limits are for M = 1.4M
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Hyperon appearance in baryonic matter

Hyperon binding energy in nucleonic matter: Dy = —uy

Critical energy of hyperon in baryonic matter: D" =mp —my, — Uy

£- = Mg- +my + [y — 2my — 2,

Condition of hyperon appearance: Dy= D"

150

100

Dy, DV, MoB
=

=150
0
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Hyperon appearance in baryonic matter

1500 1500 T
—— YBZ6 XiN (1,40) —— YBZ6 XiN (1.40)
e SHIA ——  XiN(1/6) | e SLIA — XN
LYI —=- XiN(1/640 LYI —=- XiN(1/640
100 wim: YRID S XINGSDs) 100k e VB T NG
r —— YMR —-— XiN(SL3p) I —-— YMR —-—  XiN(SL3p)
——  Sly230a ——  Sly230a for XiN ——  Sly230a ——  Sly230a for XiN
—-- XiN(L0) » -—-- XiN(10)
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50 DA D:cr |
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e
\~
N
—100 - .'-.\\“\ \ N
"\
[——4 o \ s \
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X b\ -150 I A \
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1500 1500
—— YBZ6 XiN (1,40) —— YBZ6 XiN (1,40)
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~iere YRE wmee XiN(SL3s) sion. YRZD —mem XGN(SL3s)
100 - —— YMR —-— XiN(SL3p) 100~ —-— YMR —-— XiN(SL3p)
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50, 50,
0 0~
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—_ ), \ ‘ ) ) X \
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Hadron matter in neutron stars

NS characteristics
for different Skyrme =N parametrizations

np=-eu

800
2.2 1
Sly230a
700 A —_
+=N
2.0
600
1.8 A 500
<
[ < 400
5 1.6
300 4 —— GuoD4
1.4 —— GuoD1
— GuolU3
—— GuoD4 | 2001 —— no hyperons
—— GuoD1
1.2 — GuoU3
—— no hyperons 100
1.0 T T T T T 0 T T T T
9.0 9.5 10.0 10.5 11.0 11.5 12, 9 10 11 12 13 14
Rikm) R(km)
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Hadron matter in neutron stars

NS characteristics
for different Skyrme =N parametrizations

npA=—ey

800
2.2
700 - S|y230a
2.0 YBZ6 |
600 1 ) |
L
SAN3
— I
1.8 500 - +: N ‘-.
r-.
s < 400 O
5 1.6 ,
300
1.4
Guo, a;(MeV*fm?5)
200 1
— 0
— Guola=1®¢) > e 10
L1279 — Guola=1) 100 20
—— only A-hyperons 30
—— no hyperons - - 40
o ' ' ' ' ° 10 11 12 13 14
9.0 9.5 10.0 10.5 11.0 12.0 9

R{km)
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Hyperon appearance in baryonic matter

Hypernuclear interaction contracting power K,
[Lanskoy, Tretyakova 1989]
dDy
Ky(pn) = 3py5—
dpy

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

I I I I I I I 1 09 I I T I I I
/\  —— T——sai
06 - 08+ - —— SkMs
—— SKRA
l——T3
07 F 4——T1
- 03 4. I | Skxs20
= —— NRAPR
) 06 +—— KDEOV1
< 1 £ | |——MSLo
—— SLy4
04 | 41 ost ~—— SLy230a
I J——SkO
- 1 —— SGI
04 - 1—ski3
03 - s {—LNS
| 1 | L 1 L | 1 | 1 1 L 1 1 1 1 03 L | 1 | L 1 ! | 1 | 1 1 n
1200 1000 -800 600 400 200 O 200 400  -1200  -1000  -800 -600 -400 -200 0
YBZ2 YBZ6 YMRLYI SL3p (Gzsa40]  [Gzsbo|GzZsb40]
K,(p,). K3p,).
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Hadronic matter in neutron stars

Correlations between NS and baryonic interaction
characteristics

Pearson correlation coefficients

Mmam Rmin A1.4 R1.4

Rap-xa NN noh| A |noh| A |noh| A |noh| A

S(ng) 0.16 | 0.08 | 0.26 | 0.15 | 0.27 | 0.14 | 0.29 | 0.20
S(3ng) 0.59 1 0.19 | 0.76 | 0.56 | 0.86 | 0.74 | 0.82 | 0.76
L(ng) 0.40 | 0.07 | 0.63 | 0.45 | 0.77 | 0.63 | 0.73 | 0.65
L(3ng) 0.68 | 0.24 | 0.82 [ 0.61 | 0.90 | 0.80 | 0.86 | 0.80
K m(ng) 0.67 | 0.21 | 0.83 [ 0.62 | 0.93 | 0.83 | 0.87 | 0.82
Kym(3n0) 0.77 1 0.34 | 0.82 | 0.63 | 0.84 | 0.78 | 0.80 | 0.77

Xap-ka AN | M0 | Roin Ay R4

KA(HQ) —0.88 | —=0.89 | —0.75 | —0.74
KA(QnO) —0.91 | —=0.91 | —0.82 | —0.78
KA(3n0) —0.90 | —=0.90 | —0.83 | —=0.77
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Hadronic matter in neutron stars

Correlations between NS and baryonic interaction

characteristics
fit _
ML = aKy+ bL + cKy + d
2.2 2.1
R?=0.953 NN + =N r=07s NN + AN + SAA3’
1.9 ~
’Ei gz 1.8
1.7 1
1.4 4 L6 -
1.2 T T T T 1.5 T T T T T
1.2 1.4 1.6 1.8 2.0 2.2 1.5 1.6 1.7 1.8 1.9 2.0 2.1
Mt (M) MM o)
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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 AA, =N and 2N 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 A and = 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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