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Hyperons in NSs --- Earlier works

O Suggestion for Y-mixing in NSs

-A.G.W. Cameron,
Astrophys. J., 130 (1959) 884.

O Attempts for Y-mixing calculation

-S. Tsuruta and A.G.W. Cameeron, Baryon M(Mev)

Canadian Journal of Physics, 44 (1966) 1895.

“W.D. Langer and L.C. Rosen, )
Astrophysics and Space Science, 6 (1970) P
217. A

V.R. Pandharipande, 5+
Nucl. Phys. A178 (1971) 123. 0

*N.K. Glendenning, )
Nucl. Phys. A493 (1989) 521. E;

O From ~1995, many works stimulated z

by a progress of hypernuclear physics

in laboratories and observations for

NSs --- e.g. see references cited in a review,;
-T. Takatsuka, Prog. Theor. Phys. Suppl. No.156 (2004) 84.
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6. Hyperons mixing and consequences on
neutron stars (NSs)

6-1. Hyperons as new constituents of NSs

Hyperons (Ys) are sure to appear !



Mechanism of Y-mixing Cmtc%!;%u('cf, n;céq"n &>

N+Y

(1) K.E. only: R -

h2kp>
2my,

=61(p/py)*/® = Am = my —m,, = 175 MEV

—-p(A) =5p, (po=0.17/fm3; nuclear density)

(2) Interaction is switched on:
Surely p;(A) < 5p,

because the effects of AN interaction is attractive
(< assured by the existence of A-hypernuclei in nature)



= p; iIs made lower by interactions:
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Our approach to NS-matter with Y-mixing

O Matter composed of N (n, p), Y(A, 27) and Leptons
(e”, u”)
QO effective interaction approach based on G-matrix
calculations, (effective int. V for NN, NY, YY)

Introduction of 3-body force U (TNI, phenomenological
Illinoi-type, expressed as effective 2-body force)

O V+U satisfy the saturation property and symmetry
energy at nuclear density

O (hard, soft) is classified by the incompressibility « ;
k=300, 280, 250 MeV for TNI3,TNI6,TNI2

[1] S. Nishizaki, Y. Yamamoto and T. Takatsuka, Prog.Theor. Phys.105 (2001)

607; 108 (2002) 703
[2] T. Takatsuka, Prog. Theor. Phys. Suppl. No. 156 (2004) 84



O Hyperons appear at p,~(2-2.5)p,

10

P/Po




O So many works including ours have been
devoted to the Y-mixing in neutron stars
(NSs) (e.g. [3][4])

— Hyperon surely participate in NS Cores
(p:(Y)~2py, increasing population with p)

— Standard picture for NS constituents;
Oold(n,p,e",u”)—>Now(n,p,Y,e ,u)

— NS properties should be discussed by taking
account of Y degrees of freedom

[3] M.Baldo, G.F. Burgio and H.-J. Schulze, Phys. Rev. C61 (2000)
055801

[4] I. Vidana, A. Polls, A. Ramos, L. Engvik and M. Hjorth-Jensen,
Phys. Rev. C62 (2000) 035801



Y-mixing,

Then

What happens ?
U

6-2. Two serious problems



Two Serious Problems

(1) Dramatic Softening of NS EOS
— Contradicts observed mass (M,;) of NSs:
Mopax < Myps = (1.44 + 0.002)Mg for PSR1913+16
= (1.97 £ 0.04)M4 for PSRJ1614-2230
— Problem 1

(2) Too rapid cooling
— contradicts observed surface-temperature (T;) of
NSs:
- All of the NSs whose T are observed by thermal
X-ray should have M < Mg ----unlikely
- Thermal evolution of colder class NSs (Vela X-1,
3C58, Geminga, etc.) is very difficult to be explained

— Problem 2



M /Mg

1.5

1.44 Sfeseeess

M, .. <M, (Softened EOS by Y)

L

L | i :

(1)

Strong Softening
of the EOS

TNI3 2
T ==TNI2 -
Y-mixing 3
I S 1
7~ with Y 3
/
lﬁllll.l'lllll'llll
5 10 15

Pc/Po




25
M .
201-Me oy
T L __1s4Mo. |-
{0k "~ Yemixed |
! Av,s + TBF
; | e |
25 F -
20 F ]
-1.5'_-___,_ [ 144Me
10_ | g
| Paris + TBF ]
) ’ VLT R O e i U R T A
0.0 0.5 1.0 }.5
. Ll .
po (fm™")

M [solar mass units]

355 i e s

2™ No Y :
Me e
1H pe e e e
e -7 Y-mixed
1 == pn—matter .
~--= NNand YN
——~ NN, YNand YY
0.5 ) L R L . ] ) 1 . L )
0.2 0.4 0.6 0.8 L 1.2 1.4 1.6 1.8

Central density f‘ [fm”)
c

L L-Vidana et al, P.R. C62 (2000) 035801
~— M. Baldo et al, P.R. C61 (2000) 055801



M [Mg]

O Hyperons are always present
— profound consequence for NS-mass
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Even A-only mixing, situation is the same!
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O These problems are serious because of
the points,

Y surely participate in NSs — cannot be ignored

@ Dilemma: Enhancement of NN repulsion — more
developed Y-mixing — stronger softening effect
— a good-for-nothing

@ Without X~-mixing (i.e. only A), the situation is
unchanged




(2) | Too rapid cooling

NS cooling due to v-emission
(J. M. Lattimer et al. , PRL66(1991)2701)

o Moditied DRCA (Murca) --- Standard ¢ slow>
e MM pINHRaR  (h=El N

o Divect TR(A Cusual g-decay typed-- Non- sfamlard ¢ fast >
e M 1o+1+)fe ‘lof.ﬂ-)fn-r)fe (N-Durcad '
X usually forbiddem, but made possible for Yp21572

NO £ :"’1 &1 oK

/\""P'J*)&/ p+l ->/\+))¢ () Durca> _
o Z3NL, NelaXwy € 7 ) Y-cooling

o €, (Durca) ~ 10° &y ( Murca>




O But, if directly applied, it causes a serious problem

of “toorapid cooling ” mcompatible with NS

surface-temperature observations.

 Since NSs with M > M, have a Y-mixed core, most
NSs (with M < M) are too cold to be observed by

thermal X-rays----- unlikely?

- How to explain the existence of colder class NSs
(such as Velax-1, 3C58, Geminga, etc.)



O Observed mass of
neutron stars

J.M. Lattimer and
M. Prakash
Phys. Rep. 442
(2007) 109-165
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/. Possible solution for the problem



Too soft EOS (Problem 1)

Dramatic softening of EOS—
Universal 3-body force

The contradiction between theory and observation
(M_max < M_obs) strongly suggests the necessity
of some extra repulsion in dense hypernuclear
systems
— 3-body force repulsion acting “universaly” on
NN,YNand Y'Y parts (universal 3-body force) is a
promising candidate [1][2]



Dramatic softening of EOS — Necessity of “Extra Repulsion”

| 1500 EOS Mass
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TNI3 — TNI3u: Universal inclusion of TNI3 repulsion



Univ. 3-body force — higher p.(Y)

TNI3u
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SRR ~45
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forM > Mg, for M > 1.4Mg,



Too rapid cooling (Problem 2)

Too -rapid cooling — Hyperon superfluidity

NSs with M> 1.35 Msun have a Y-mixed core. If Y-
superfluidity is realized, 1t suppresses the efficient v-
emmision by Y-Durca (exp (-A/T))

— moderate cooling consistent with colder class NSs

That Is, a new scenario Is

Lighter NSs — Warm (standard slow cooling of Murca)

Heavier NSs — Cool (nonstandard fast cooling of
YDurca (“hyperon cooling”) + Y-super)

Massive NSs — Very Cold (“hyperon cooling™)
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With or without Y-mixed core depends on M
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NAGARA event

NO A-super ! = Too-rapid cooling —
break down of the hyperon cooling scenario

Need more careful investigations

O sensitivity to AAint. — rearrangement effect,
dependence on “a-core” ?

O mechanism to enhance AA attraction

O How about the A-dependence of AA bond
energy? (J-PARC exp.is highly expected)

O Especially,Lattice cal.study for AA int.




100

I “y

F-G A Pot.
Solid lines: Original

due to “NAGARA’

Dashed lines: Modified

l Elab (MeV>

!
0 100 200

300

V(ND-soft)— 0.5V (ND-soft) ; Hiyama

/\/'\ 'bond energy A%}Q

Old 1
6f OB
ABal ,LO\Be % A
(MeV)
0 ? -
i 1 -
NAGARA event
2r 6 -
aHe
1 F !
O 1 1 1 1 1 1 1 1 1 1 $ 1 1
5 10+ A 15

(MAss number)>
4B,(A2) = B, (A%>-2+B,(* 3>
ABas (MeV >

ap 4.8%07

MBe 4.3%04
SHe 1.0t02

Takahashi et al., PRL 87 (2001) 212502



Nijmegen-D AA-pot.

(1) Original (1, =7, = 1):

Vap™(r; 1Sy) = (10853.3 — 3 * 2035. 2 exp[ (E) 1%

0. 777

+ (—21.337 — 3 * BCEYY

(2) fitted by NAGARA: 71, = 0.45, 1n,= 0.5 (< by Hiyama)

Variation of (n4, n,); Bin MeV, T."*** in K

A
A MmNz B (V.S.Bgyy) T,  (A-Super)
045 0.5 -7.263(~OK) <10°  (NO)
1.5x10° (OK)

045 0.7 -8.96 (over)
. _ 0.75 0.8 -8.43 (over) 4.0x10% (~OK)
B(ar He) by Hiyama 12 07 -6.80 (OK) <106  (NO)
Bexp = (—6.9 £ 0.16) MeV

* How about the rearrangement effects?
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present status of NS cooling

[ Cooling processes:

« Murca (modified URCA)

« cooper-pair (pair breaking-formation)
 N-Durca (direct URCA)

« Exotic (Y,m,K,q, etc.) (Durca)

[1Observations:

detection---about 10, upper limmit---about 16
*hotter NSs(Puppis,CAS-A,RX J002+6246,PSR 0656+14, ---)
*colder NSs(Vela, PSR1706-44, 3C58, CTA-1, Vela-twin --- )

[ Cooling Model

O NO exiotics(minimal) verusus exisotics(non-standard)
O Obs. Cold-class NSs = necessity of exotics

O Vela (3C58) = exotic cooling(Y) + superfluidity(Y)

O CAS-A - evidence of 3P2-super !



NO exotics scenario — assumption of extraordinal
p-dependence of T,.(3P,) !
pipy

0.5 1 2 3 45678
4 FE1 BT | 7 L

9.0 OPEG-A 7 <« Critical temperature of
log T, | 3P2-Superfluid

"85

' O ntl from Gusakov, et al.,

A&A, 423 (2004) 1063.

O Extraordinal density
dependence of 3P2-gap

‘8.0

7.5




3. Recent topics
--- 2M g problem

O M = (1.97 £ 0.04)Mg, for PSR J1614-2230
(P.B. Demorest et al., Nature 467 (2010) 1081)

O M = (2.01 £ 0.04)Mg for PSR J0348+0432
(J. Antoniadis et al., arXiv: 1304.6875
[astro-ph. HE])



Without exotics, M = 2M, is possible
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8-1. Universal 3-body force

L1 {2mA-type + SIM} scheme



J

An origin of “universal 3-body force’

» “3-body force of extended 21TA-type”(at
long and intermwdiate ranges) + “3-body

force based on the string-junction quark
model(SJM;at short distance) has been

studied [5]

[5] T.Takatsuka,S.Nishizaki and R.Tamagaki,
Proc.Int.Symp.”"FM50”(AIP Conference proceedings,

2008)209



Extended 21A-Type 3-body Force
, not universal

N,

(a) (b)

FIGURE 2. Extension of 3-body force from 27-exchange via A excitation type (27A) in N-space (a)
into {N + Y} space (b), where B* stands for A, £*~, £** and f(r) is the short-range correlation function.

O Short-range correlations among N;, N, and N5 are duly Kaken into
account ;T.Kasahara,Y.Akaishi and H.Tanaka,PTP Suppl.N0.56(1974)96






Extension to N+Y system







EOS of Neutron Star Matter

400 P4 :
Effects of 2rA-type
3-body force (U*™*)
300F - |
(MeV) Y-mixing
200
100 " (2-body )
O 5 | g 1



Repulsion from SJM-----flavor independent

B B Dg
q q
J
(a) (b) (©)
(a) 2B come in short distance (by R. Tamagaki)
(b) Deformation (resistance) Prog. Theor. Phys. 119
(c) Fusion into 6-quark state (2008) 965.

O Energy barrier (~2GeV) corresponds to repulsive core
of BB interactions
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Fraction of constituents in Y-mixed NSs
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Mass v.s. Central Density
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8-2. Hybrid stars with quark

degrees of freedom



Introduction

O Obs. Of 2Mg — NS & Softend
O NO exotics: My, = 2Mg is E
possible

O with exotics —» Softened EOS
= NO(Mp0x K 2Mg))

with exotics (e.g. Y-
mixing, quark matter)

O Then, no exotics? 0

[ In a pure hadronic level, “universal 3-body repulsion” can be a solution.
How about the quark degrees of freedom

[J Remarks
(1) hadrons are composed of quarks and have a finite size
— point-like picture gets uncertain as p goes higher

(2) Quark matter framework gets uncertain with decreasing p due to
the confinement—deconfinement transition

(3) Usual Gibbs condition is not necessarily applicable



Possibility of quark matter in NSs

uncertain Gibbs) - not
‘ necessarily reliable

P

ey e _P — R —2> [ Need new strategy
H

fa.

- T. Takatsuka, T. Hatsuda and K. Masuda, AIP Conference Proceedings 1484
(Melvile, N.Y. 2012) 406.
- K. Masuda, T. Hatsuda and T. Takatsuka, ApJ 794 (2013) 12.

A way of approach
: [1 H: point particle

H-phase ! H-Qtrans. : Q-phase + interaction

‘<Matching> : - G-Matrix, Variational

E L [ Q: g-matter + asymptotic

E P 7 i EDS freedom

E ’/'l i .—é sl

1 : [1 HQ Phase transition

e Cross point (Maxwell,
s :




(1) “3-window model”

A “known’
p(x)

H ]

(G-matrix) |

@D p(x)=a™+bx" +c (p —xzjfz))
@ e() =™+ _x —c+dx not by Gibbs condition,
@ Conditions but by phenomenological

(i) thermodynamic stability: g—z >0 interpolation

(if) sound velocity: v, < ¢

@ Determinationof (a,b,c,d) = .

p(xy) =py »P(X9) = Pg + T. Takatsuka, “Genshikaku Kenkyu”
e(xy) =¢ey , €(xg) =& Vol.57 (2013) 270.



Some results for NS models

JEOS| xy | x; | H-EOS| Q-EOS m n Myax/Mg | Rlkym | pe/po
1 1.5] 6.5 | TNI2u| g, = 0.5G,] 0.2 |—2.6 2.61 13.38 3.99
2 1.5] 6.0 " " " " 2.59 13.27 3.90
3 1.5]17.0 " " " " 2.53 12.08 | 4.52
4 1.5] 8.0 " " " " 2.48 12.56 | 4.35
5 1.5 7.0 " gy = 1.5G;| n " 3.08 13.73 3.34
6 1.5 7.0 " gy, = 1.0G,| 7 " 2.86 13.28 3.94
7 1.5]7.0 " gy = 0. " " 1.99 12.30 | 4.85
8 1.5]7.0 " gy, = 0.5G,| 2.6 |—0.2 2.62 13.44 | 4.05
9 1.5 7.0 " " 1.2 | —1.2 2.61 13.44 3.73




Dependence on (m, n)

p(x) =ax™+ bx" +c

H-EOS: TNI2u
Q-EOS:NJL, g, = 0.5G;
xH = 1.5, xQ= 7.0

Mmax R
(m, n) Mo — Pc/Po
0.2 -26 2.93 12.8 4.5
26 -0.2 2.62 13.4 4.1
1.2 -1.2 2.61 13.4 3.7




M = 2Mg Iis realized

3.0k ; g, = 1.0G, xy = 1.5, Xg = 7
Gl m=20.2, n=-2.6
TNI2u

- PSR J1614-2230

PSR1913+16




Dependence on x, , g, 9
3 o
Mmax | |
0—o—
Mg T Tee——g g, = 0.5G,
g ® 0.0
L : %68 B 1.5
i | TNI2u
I , m=0.2 n=—-2.6
1= . ¢ NJL |
TNI2u ¢
: (9v)
i ' — X =p/po
xH xQ”
1 : | | |
0 5 6 7 8



Stiffened EOS at p~(2 — 5)py Is a key to M4, = 2M
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v./C
s/ P(r) =ax™ + bx" + ¢ _
xy =15,x0=07, m=0.2, n=—26
& “ I
- "’ij@ =3.08 :
- : NJL with
T . . s gy = 1.5G;
0.5 0.5G;
L I
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|
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(2) “"H-Q crossover model”

O From a view of “H-Q Crossover”

P(p) = Py(p)f—(p) + Po(p)f+(p),

£u(p) = 5 (1  tanh (2=22);

Sln ey /1 G *) Asakawa-Hatsuda
N /?” | P.R. D55(1997)
g 4488
/>\o\\ g
- : ._ ; \.:\'::h—t :>P
5 o fa |

O energy density £(p) is derived from

P(p) = p* d(e(p)/p)/0p

-K. Masuda, T. Hatsuda and T. Takatsuka, ApJ. 794 (2013) 12; PTEP 073D01 (2013).



O Quark Matter phase

o (2 + 1) -flavor NJL model with vector interaction

— 1 — — .
Lyj = q(id —m)q + 5 Gs Xg=o{(@1%9)* + (q2%1y59)*)
1
+Gpldetq(1 +ys)q +h.c.} =5 gv(@r*e)*
with g ={q;;i =u,d,s} m={m;}

o Hatsuda-Kunihiro parameter set (Phys. Rep - 247 (1994) 221)

N =631.4 MeV, GsA* = 1835, GpA? = 9.29
m, =my = 5.5 MeV, m; = 135.7 MeV

o gy IS not well determined, but it is suggested that g, can
be comparable or even larger than g

— we take

IV w0 -1.5)

s
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Remarks

Mpqax = 2Mg is possible under the condition:

(D H-Q transition sets on at relatively low
density (p~1.5p,)

(2 Quark matter is strongly correlated (with
repulsive effects)



Short summary

[1 Two-solar mass problem with hyperons

(A) pure hadron framework
“universal 3-body force” is one of the solution
* study on the origin is the next important subject
(B) “hadron + quark” framework
Introduction of Q-degrees of freedom from a view of “3-window
model” and “H-Q crossover model” is another promising solution

[1 Too-rapid cooling problem with hyperons
necessity of hyperon superfluidity =>yes?, no?
- more careful investigation; A\ interaction from NGARA,
effects to enhance the attraction
—> other possibilities

[1 We have to solve the two problems challenged by NSs
at the same time




O. Hot NSs at birth with

hyperon mixing
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Effective Interaction Approach (EIA)

at Finite-Temperature (T>0) [1]

[1 ElAat T>0

Consists of
(a) solving the HF equation at T>0 under the conservation of
total nucleon number (N)
(b) using a T-independent effective interaction V(or G-mitrix
at T=0; G(0)) based on the G-matrix calculation with bare
interaction V

Eq = to + XpfpRe[< aBlWlap — Ba >] with W =V or G(0)

. 1
diafa = N with f, = 1+eEa—W/T" (1)

[1 EBA (Extended Brueckner approach (7>0))

_ QM
G(T) =V + V22 G (2)

together with (1), where e = ¢, + g — ey —ep + i €



[1 Thermodynamic Quantities
=) falea+te)/2N
a

§S==2 A= fo)In(1 - f,) + foInf,}/N

F=E-TS (3)
oF
— 2
P=p op

[J Calculations and Results
O effective-mass approximation for ¢,
Ea= ga(ka) = Uy + ta/m*’ m* = mN*/mN (4)

O Angle-averaged Pauli operator (Q — Q)
O QTQ-method
O V—Mongan’s separable pot.

[1] T. Takatsuka and J. Hiura, Prog. Theor. Phys. 79 (1988) 268.
[2] T.R. Mongan, Phys. Rev. 178 (1969) 1597.



Single-particle
energy (&,) and
occupation

probability (f,)

O p=1.1p,

O solid (dashed) line
for T=40 (0) MeV

O solid circles for
EBA

100
{ MeV)

50



% 1 anh . |Weak T-dep. of G(

: angle-averaged G
....... — " O p=1.1p,, T=40MeV
47 O solid (dashed) line for
-100 T=40(0)MeV
O dash-dotted line for
Q(T) - Q(0)

150k

At most, 75% difference even for T=40MeV!



Single and bulk quantities

O BA (Brueckner approach),

BA (extended Brueckner approach),

EIA (effective interaction approach)

/5 m* Us y KE. PE. E S F
0 0537 —1070 < —310 244  —426  —182 0 ~18.2
.y, 0582 -992  -369 295  —360  —65 1250  —3L5
7 0579 0 980 =352 295 ' =354 =59 = 1245 308"
i 0675  —792 =535 434 =260 174 2117 - =673
0679  —763 —505 457 = —255 202 2185 —67.2
O p=1.1p,



Hyperon-Mixed Supernova Matter (SM)

0 Characteristics of supernova matter

degonerate v

T=10~30MeV T=0
np,Ye ,u,v np,Y e ,u
S =0.1~1.5 (constant) S=0
Y; = 0.3-0.4 (constant) Y;~0.05
O Y-mixing in SM

o EIA

o effective NN pot. from G-matrix cal. With RSC
effective YN, YY pot. From G-matrix with Nijmegen type-D

o Introduction of 3-body force (lllinoi’s type, TNI)

TNI2 — x = 250MeV, TNI3 — k= 300MeV
TNIu — universal inclusion of TNI to all the baryons (N, Y).



I : 1
2| .
5L Composition
3; ; and
( °)1 ' Population
10'E
Dl | ' ,"Péyz— .......... | O Red (black) lines
19 ; !h: ’ o : for SM (NSM)
E ¢ 2
898 i:.i'
- Yiept =040 i!i
10-1 L 111l |



600

(MeV)

400

200

(Y,=0.40, S = 1.5)
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O HOT: SM with Y
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O TNI3u case



Pressure

O TNI3u case

107 F

10




Maximum-mass NSs

(TNI3u)
NSM SM SM
=0 y;=0.30 y;=0.40

S=1.0 S=1.5

Mpax/Me 1.82 1.84 1.84
R(km) 9.55 10.49 10.81
Pc/Po 8.26 7.75 7.11
Ng(10°7) 2.54 2.48 2.41




Density profile of composition

(TNI3u)
HOT COLD

T

s=15) 1P

5[ SNM(y, = 0.40,

NSM

36 N | 3 I

10
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Thermal evolution and maximum mass
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- (TNI3u)
- M/ M 0] §
1.8 . SNM —
. (y=04, §=15) i
r 5
e u
1.7 -
: SNM d
(y,=03, §=1.0)
; .
3 57, i
1‘6 — ‘NB (10 ) -

J ). l

2.0 2.2 2.4 2.6




Short summary

O Effective interaction approach at T>0 (T>0 EIA) provides us with
a good approximation method for finite-temperature G-matrix
approach

O NSs with Y-mixing at hot birth stage have characteristics as
compared with those at cold evolved stage:

- populations of p and e~ are enlarged, £~ -mixing is suppressed
and A—mixing is almost unchanged.

- The central density (p.) is decreased and the radius (R) is
increased.

- The maximum mass (M,,,,,) of hot NSs restricts importantly
that of cold NSs, under the condition of total baryon number
conservation through their thermal evolution.

O ltis a forthcoming subject to study characteristics of hot NSs by
the EOS compatible with 2M g -problem.




