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Plan of the Lecture

. Introduction & Historical Overview

¢ I‘Sirth, | ife & Death of HgPemuclei

< HgPerorwNucIeon Interaction

¢ HgPemucIear Matter & Neutron
Star Properties



What is a theron ?

G A thCFOﬂ IS a bargon mac‘e OF

one , two or three strange quarks

Hyperon Quarks [(UP) Mass (MeV)
A uds | O(1/2% 15
>+ uus 1(1/2) 1189
>0 uds 11/2%) 119%
>- dds 11/2%) 1197
=0 uss 1/2(/2%) 1315
=- dss [1/2(1/2%) 1321
Q- 555 o0(k/29) 1672
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What is a hgpemucleus ?

TA hg}cpernucleus is a bound
sgstem o) nucleons witl‘l one or
more strange bargons (AZ,2E,Q

Iﬂgperons) .

_—

55 MeV

Simple s.p. model of 1AZC

With a strange particle

Ordinary nucleus

H. Bando, PARITY 1, 54 (1986)

v Ina simple 5ingle~Particle model:
Protons, neutrons and therons
are  considered clistinguishable
Particles Placed In indepenclent
effective Potential wells in which
Pauli exclusion Principle IS applied.



¢ Since hgperons are distinguishable from nucleons, theg are
Privilegz[;e Probes to explore states cleep inside the nucleus,

exten ing our knowleclge of conventional to flavored nuclear
Phgsics.
9P
n
P A AA

¢ HHPerons can Cl’lange the nuclear nuclear structure. For
instance the glueJike role of the A IﬂgPeron can facilitate the
existance of neutron-rich lﬂg ernuclei, being a more suitable
framework to studg matter witE extreme n/ P ratios as comparecl

to or&inarg nuclei.

¢ A hgpemucleus IS a “laboratorg” to studg hgperonmucleon
(YN) and hgperomhgperon VYY) interactions.



A simple model of hgpemuclei:
HyperomNucleus etrective Potential

ngemucleus = Orclinarg Nuclear Core + HgPeron
N a theromnucleus efHective Potential

J tenlsor '

l antisgmmetric
centra v v spin-orbit
Spin=spin (zero in NN

due to Pauli

Principle)



Present status o1C AH gpernuclear Spectroscopg

| h sl 2B

A A Hypemuc ear Chart ; A
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Spectroscopic studies by
(Km) (1K) (KyopT) (€,6'K") (Kiop,m) (m,K?)
° N \o

Y spectroscopy emulsion data

N
O. Hashimoto and H. Tamura, Prog, Part. Nucl. Phgs. 57,564 (2006)




The 5D nuclear chart

Double A~h9pemuc|ei (5=-2)
studied with:
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Sinéle A-h Pemuclei (S5=-1)
studied with:

(" ,K"),(K,n7),(e,e'K™)

Orclinarg nuclei (S=0)
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First ngpernuclear event observed in

a nuclear emulsion ]:)9 Marian Danysz
and Jerzy Pniewski in 1952

lncoming nigh energy cosmic ray

Collision with the nucleus

Nuclear Fragments tl'lat eventua”g
stop in the emulssion

One fragment containing a
hgperon isintegrates weaklg




To commemorate the cliscoverg of Dangsz and Pniewski a
Postcarcl was issued ]39 the Polish Post in May 1995

KARTKA POCZTOWA cena 2000 zt

40 ROCZNICA ODKRYCIA
MATERII HIPERJADROWE]

B SOy ZEOTY |-
A T W R

Profesor Marian Danysz (1909-1983)
Profesor Jerzy Pniewski (1913 -1989)

POCZTA POLSKA - V 1993 . Nakiad 200.000 Proj. Maciej Jgdrysik

(200.000 Postcarc‘s, Postcarcl Price 2000 zl, stamp 1500 zl)



A few years earlier, in 1989, the Postmask designecl on the basis of the
ﬁrst Yy emucleus observation was used For tl'xe ZOtl'x lnternational
P gsics Olgmpiad at the Warsaw Post office number 64

BARTRA POCZTOWA
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Historical Overview

= 1955 — 1970 : Iﬂgpernuclear identification with Visualizing
tecl'miques emulsions, bubble chambers

1962 first double A Iﬂ%Pernucleus discovered
ina nuclear emulsion irradiated bg a beam
of K- mesons at CERN

1970 — Now : SPectrometers at accelerators:
CERN <UP to 1980)
BNL : (K-, ) and (*, K*) Pro&uction methods
KEK : (K-, ) and (zt*, KY) Pro&uction methods

After 2000 . StoPPed kaons at DA®NE (FINUDA) : (K- )

stoP3
The new electromagnetic way
HYPERNUCLEAR Production with
ELECTRON BEAM (eje’K+) at JLADP &MAMI-C



l ntemational Hypemuclear Network

JLab

» 2000~

* Electro-production

* Single A-hypernuclei
» A-wavefunction

PANDA at FAIR

it~ SPHERE at JINR

Z o o * Heavy ion beams
nti-proton beam / « Single A-hypernuclei

* Double A-hypernuclei
* y-ray spectroscopy

HypHI at GSI/FAIR

MAMI * Heavy ion beams
. 2007~C * Single A-hypernuclei at

« Electro-production i/)l(tremi isospinst
» Single A-hypernuclei agnetic moments

» A-wavefunction

FINUDA at DA®NE

* e*e" collider J-PARC
- Stopped-K- reaction * 2009~
« Single A-hypernuclei * Intense K- beam

« y-ray spectroscopy * Single and double A-hypernuclei
(2012~) * y-ray spectroscopy for single A

Basic map from Saito, HYP06



Hypemuclei . from the cradle to the grave

production spectroscopy

projectile P
. @

-

we2

Y spectroscopy

excited state

:

:

3

ground state

I

decay

spectroscopy '59%
o%

mesonic
N — p1r

nnon-mesonic
- Ap—np

» NN




Production of A themuclei can occur bg

. Strangeness exchange: (BNL, KEK, JPARC)

(replace auord quark withan's quark) =
4 A _ @*‘9

K+ 72— /Z+x } /\
Where the K- in~ﬂight or s‘coppecl n A

. Associated Procluction: (BNL, KEK, GSI)

(Procluces an ss Pair}

nt Kt

T2 K EI;




< E‘lec‘croprocluction: (JLAB, MAMI-C)

[e'+AZ —> e"+K++i(Z—1)}

AZ (e, K)NZ-1), |
elementary process

e eeae
e beam ~ u
~4 GeV — " P, WP
e e

A Y@\

ngernucleus \ =




Production kinematics

gv

High momentum transfer

n(m*, KHZ

T

p(y, KA

IN
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Low momentum transfer

Momentum transfer (MeV/c)
N
3

—_
L

n(K-, A

e o b o by b a o L by s s 1
0 250 500 750 1000 1250 1500 1750 2000
Incident momentum (MeV/c)

 n(Et KDA, P(y,K*)A

v High momentum transfer =
hgperon has larlge Probabilitg of

cscaping the nucleus.

v' Longer o and K* mean free
Path > interaction with interior
nucleons, signiﬁcant angular
momentum transfer.

cn(Ko ) A

v Low momentum transfer =
hgperon has large Probabilitg of
beingbound.

v’ Attenuation of (K- ) reaction in
matter (resonance states). Interacion

with outer shell neutrons rePlacing it
with a A in the same shell.

56 - 50
0.8 - Fe(K~, )¢ \Fe
0.4 4 Pg =720 MeV/c
QF

)

m L]

S

<]

g SoFe(nt, K*)5 \Fe oF

£ 0.8 &

'g. Pa

3 0471 &, P, =1040 MeVi/c
= .

%’& 0 0 20 30 40 ExEneryMeV)
[75]

03 4 SFe(K o 7% zFe QF
0.4 4 K~ atom




Measurement OF hHPCI’T’lUCICBF massces

Z

[Mﬂ -M, =B -B, +M,- MN}

. Sto Pecl K- reaction

K~5topped3 J'|3~>

[ K ppedt' Z—=0Z+ 0 }

M, =\/(EW‘MK‘MAZ)2

Need onlg T~ outgoing momentum
= One Spectrometer

g ln~ﬂight reactions
<K~in~ﬂight3 m-) (mh, K*)

K-

A A -
in—ﬂight+ ZeAZ-l_ 7T

' +'Z—'Z+K"

M, - \/(E” ~E.-M,,) P, - )

A

Need incident & outgoing momenta
= Two Spectrometers
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Thaasit) ( ub/MeV )

0

E‘xamlole: spectrum fora (" K" on a
hea\/g target

189 a(n+,K+)%La, pr = 1.06 GeV/c
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T. Hasegawa et al., Phgs. Rev. C 5%, 1210 (1996)

{ a*'+PLa—"La+ K" }

v Energy resolution: 2.5 MeV

v Clear shell structure

v Obtained wngh a I’flgpical magnet’c
ort

spcctrometer e cletection or K*




The FINUDA experiment @ DADNE (Frascaty)

DA®DNE: Double Annular efe-
(I)-Factory for Nice Experiments

e*e- collider dedicated to the

PFOCIUCtiOﬂ OF ®d resonance

‘‘‘‘

FINUDA: Flsica NUcleare at DA®NE \

N

/M o
Frascati ®-Factory coniplex
/ ’ 4 I [
my s

)L{TF*

Procluce Iﬂgpemuclei bg stopping negative kaon

originating from @ decag in nuclear target

-
et+e >DP—=K "+ K

/ / | -

K pppoat Z—rZ + 70
N /




FINUDA results on 2,C

\/erg goocl agreement between FINUDA results &
E368 @ KEK ones
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The (e,e’K*) reaction

g Relativelg new (JLAB, MAMI-C).

€ Exce”ent energy resolution OF
energy spec’trum.

9 Although the cross section is 102
smaller than that of (@, K" thisis

compensatecl bg larger beam
intensitg.

Schematic Top View of

magnet
\ : New Hypernuclear Spectrometer
] Target at Jlab

1 2003.2.3.

-
/55

The exPerimental geometrg requires
two SPectrometers to cle‘cect:

v tlﬁe,scattereql ele trﬁns whiclﬂ
cleﬁnes tl’]C virtua P otons

v the kaons



HgPemuclear spectrum from the
(e,e’K) reaction

*C(e,e’K)?\B spectrum

Enerey left inside the nucleus

(relate to the excitation energg) 250 F A,
200
[ E, = ’ } | " Ao
150 |
: Core
Excitations
100 :-
50 _ :
Incoming electron Outgoing kaon :E_ s o s
G ey

. N “30 -25 =20 =15 =10 -5 O 5 10
utgoing electron Binding Encrgy (200 keV/bin)

V. Rodrigues, PhD Thesis, University of Houston (2006)



Binding energy (MeV)

VS]

0

o

S

In summary ...

The A single Particle ngernuclear bincling
states energies
T l=’)l T T T T T T T T T T T T T T T T T T T T T
R A "(isl 38 A single particle states o Emulsion
x i A=A+
ak ) 51 1 g (K,m)
| 40
_ L 32, 8(mK)
1728
- 16 -
s g Y ¢
. | vl 2
i ] <
N =)
i P l [
L] 3 S— :
g\\ E\&d\ 0||||||||
00 0.05 0.10 0.15 0.20 0.25 25 50 75 100 125 150 175 200
A-2 /3 Atomic Mass

ngemuclear bindinf energies show
saturation as or. inarg nuclei




Production of 3 hgpemuclei

Production mechanisms similar to the ones considered for A
hgl:)emuclei like, e.g., strangeness exchange (K-, )

*.He bound state
E~4MeV, T ~7MeV

-B,,=0

&
o

(u?g/sr/MeV)

j -Byy=0
| = *He(Km)
- ‘He(K',1*)

w
o

d’c/dEAQ
N N
o (¢,

-
(5]

o

(&)

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

8, (MeV)

T.Nagae et al., P]’]gs. Rev. Lett. 80,1605 (1998)

d%c/dQdE (ub/sr/MeV)

> hgpernuclear states in

P~she” hgpcrnuclei

He(K %)

20 40 0 10 20 30 40 50

92000 10 20 30 40 50
(MeV)

-2

0 -10 10 40 50

S.Bartetal,, Phys. Rev. Lett. 83, 5238 (19989)



What do we know about double A themuclei 7

Not so much ...

/

\

6 B., (MeV) | AB,, (MeV) Nagara
s He 10.9+£0.5 4.7+0.6 Prowse (1966) / event
\ He 7.25+0.19%"% 1.01£0.20737] KEK-E373 (2001)
‘,\TBe 17.7+0.4 43+0.4 Danysz (1963) same
Be 85+07 |-49:07 KEK-E176 (1991) S
B 27.6+0.7 4.8+0.7 KEK-E176 (1991)
°Be 12.339% KEK-E373 (2001, unpublished) /
/ A A A-1 \
B\ (AAZ) =B, (AAZ) + BA( AZ)
A A A-1
ABAA (AAZ) =B, (AAZ) - BA( AZ)
o )



The Procluction of double A hgpemuclei

. B~ conversion in two A’s:

1000

[E'+peA+A+28.5MeV J

800

600

O Procluction:
v (K-,K" reaction (BNL, KEK) 0

200

HYPERON MOMENTUM (MeV/c)

o

[K‘+p%5'+K+}

v Antiproton Procluction (PANDARFAIR)

‘+§+J

[1]

[p+13%

Kp K
0 1000 2000 3000

PROJECTILE MOMENTUM (MeV/c)

4000



ngemuclear Y~r89 SPCCtFOSCOPg
¢ Produced hc?l:)emuclei can be

iIn an excited state. e gt
_y ™ K*Y),
Energzj released bg emission Ee,e'Kz), (K-,TT)
of neutrons or Protons or Yy~ P, AEs1 MoV,
rays when hgperon moves to 5
AT
lower states. Az

Weak decay Az y-spectroscopy
AE~3 keV

)

Q. Excellent resolution with Ge (Nal)
meae _ G detector detectors.

o

A clepth Potential in nucleus ~ 30 MeV

> observation of Y-rays limited to low
excitation regjon.

)

y-ray transition measures onlg energy
difference between two states.



HgPemuclear fine structure and the
spin—depenclent AN interaction

(K™, ")

Only Ge can Bz
~ separate |7 < 0.1MeV
’ - split by
A7 N AN spin-dependent
A _ Interactions
j-1/2 A SA
Veff V V S e =
AN = o(r) +| Vs(r) Sasy A2 VA(F) AN A
+ T
Integrated with shell-model w.f. VN(r) |awSn + VT(r) 812

(Millener’s parameterization) SN




Y-ray spectrum of 16, O

——2" 6.784
. Observed twin Peaks L 1" 6.560 160 (K-, 1) 190
demonstrate h{ypemuclear o4 i | ;
y [ —— S 20¢
fine structure for e O (> <\3T:
sy s = 10H
I-,0°) transitions. g
- N oL
0 1/2\14— :)_ (.)026 B, av)
: Small jt)acing in twin Peaks '°0 16
cause bg spin«ﬂepen&ent . N
AN interaction. X " 520?
- 40 510 4
E § B ] |
~ S 0
i Recent analgsis revealed £20 P B e T e
another transition at 6758 keV omected
corresponcling to e, O (27207). 0 — kL

6800
(keV)

E

Y

.Ukai et al, P]’lgs. Rev. C 77, 05315 (2008)



The Weak Decag of A Ingl:)emuclei

| hypernucleus l | hypernucleus l
free /i aecay mesonic decay non-mesonic decay

py~ 100 MeV/c

N m

A —n+x+41 MeV (36;%) suppr'essed by A+n—n+n+176 MeV
A—>p+n'+38MeV(64A)) POU“ bIOCking A+p—>n+p+176MeV
T, =263 ps



Dec39 observables

[ ~T“=38x10"s"

) ) f'"lYlll T T ""H] T
H 3Pemuclear ln%hmes-Decag Rates &0 BNL 91
KEK 95, 98

"1 Jilich 93,97, 98 } |

® 'vu

I

AN — NNN £ & )
py ~ 340 MeV 7T N
A— Nrx e 5 10 50 100
py ~ 100 MeV AN — NN A+1
py ~ 420 MeV W. M. Alberico et al., Phys. Rev. C 61, 044314 (2000)

(we” reproclucecl bg theoretical mo&els}



Builcli_hg the ngeron?Nucleon
Interaction



The ngeromNucleon interaction ...

¢ Stuclg of the role of strangeness in low and medium energy
nuclear P]ﬂgsics.

¢ Testof SUM®)y.,., symmetry.

¢ lnl:)ut for ngernuclear Phgsics & Astrophgsics (Neutron Stars).

/ But due to: \

v difficulties of Preparation of
theron beams.

v no hgperon targets available.

$ On|9 about 55 clatagpoints, all from the 1960’s
. 10 new data Points, rom KEK-PS E251 collaboration (2000)

\\ (cF. > 4000 NN data for B, <350 MeV) J




YN meson—-exchange models

Strategy: start from a NN model & impose SU (), constraints

. scalar: 0,8 [ I''=1 \
L=gy,l, (ququ)qu _ (.5 )
¥ Pseudocalar: T, Km I, =1y

. vector: p,K,m, ¢ [Fv =y, I} = GW}

> — N OO P — N () \ pl l p2
<p1p2 ‘VM |p1p2> =u(p)gy L, u(p) Mz > u(p,)gy Ly u(p,) J\
(p1 - pl) — My
My
¢ gMG)rM(D e gM@)rM(z)
V(r)=Vy(r) + V(r)(0," G,) + Vi (r)S,, + Vls(r)(i X §+) + Va,s(r)(l: X §_) A A

N / P P




The Nijmegen & Jiilich models

N gmegen
(Nagels, Rﬂkcn, de Swart, Maessen)

. Based on Nﬂmegen NN Potential.

Momemtum & Conﬁguration
SPace.

¢ exchange O]C nonets O]C PSCUClO-
scalar, vector ancl scalar.

¢ Strange vertices related bg SU®)
symmetry with NN vertices.

. Gaussian Form Factors:

[FM(k2)=e_2AZM }

Julich

(Holzenkamp, Reube, Holincle, Speth,
Haidenbauer, Meissner, Melnitchouck)

. Based on Bonn NN Potential.

Momemtum Space & Full
enerlgg«:lepenclence &  non-
loca itg structure.

S higher~orcler processes involving

n- and p~e><change (correlatec] 27~
exchange) besides single meson
exchange.

¢ Strange vertices related bg SU6)
symmetry with NN vertices.

¢ Dil:)olar Form Factors:




Scattering amplitucles

Scatterinéamplitucles clescribing the theromnucleon scattering

arc o

——

—_——
T
—_——

——

—— ———
Vi 4L ViIIlE

tained ]:)9 solving the LiPmann~Schwinger ec]uation

——
T

T'=V+V-—-T

——



Chiral Etfective Field Theorg for YN

Strategg: start from a chiral effective lagrangian N a way

Leac]ing order (LO)

N A
i
N \
N
L

N ))
N ))
N \

Polinder, Haidenbauer & Meissner, NPA 779, 244 (2006)

A

4

» K

_ K

N

N

4

4

similar to the NN case

v Contact terms

B

B,—B;B BB, —=B3B B\B,—=B3B, = | =
122 3P4 122 374 122 324 .
KV =Cy +C; 0, 02/

S One~Pseucloscalar meson exchange

e <i§ y"D,B~ M,BB+ gﬁy“ys{uM,B} + gﬁy”ys[uu,BD

\

v = . \e %
- B,B,M f ByB,M (Olkzk_l)_(ozz k)

m,, /

VB1Bz—>BsB4 =




LiPPmann~5chwinger equation cut-off with the regularizecl

(o)

F(p,p'.A) = e A

CutoH dependence:
A=550-700 MeV

o (mb)
o (mb)

YN data rather
well described

0 100 200 300 400
Prap (MeV/c)




o (mb)

o (mb)

Total cross YN sections

250 1 L
' c:2'p>2'p
200 -
150 + -
100 -E% -
m = =
0 L 1 L
140 150 160 170 180
Piab (MeVic)
500  P—)
a:Ip->L'n
400 -
300 -
200
100
o 1 1 1
100 120 140 160
Piab (MeV/c)

¢ (mb)

o (mb)

250

200

100

NPA 779, 224 (2006)

d: }:!p->2'p

1 1

150 160 170

Piab (MeVic)

T T T
b: £p->An

1 1

1

100

120 140
Prap (MeV/c)

160

da/dQ (mb/sr)

da/dQ (mb/sr)

DiHerential YN cross sections

100 150 .
p>r'p  a Tp>Xp b
=170 =160 g
80 L Prian 1 Piab
60 '————_i . g
J E
40 + . B
’ ©
m = -
o L 1 1
1 05 0 05 1
cos B
140 | Zp>An c 4 140
=160
120 | D0 . 120
100 + '§ 100
80 E 80
60 1 = S 80
w0 .1, - a0k ]
20 + - 20 -
o 1 1 1 0 1 1 1
14 05 0 05 1 1 05 0 05 1
cos 6 cos 6

solid: NsCo7A
Green band: EFT  Dashed: Jiilicho4



Light hgpemuclei Properties

- Hypertriton CH,) binding energy cutoff inclependent

A=550 | A=600 | A=650 | A=700 | uUilicho+ NSCo7F Expt.

-2.35 -2.54 -2.54 -2.%6 -2.27 ~-2.50 ~2.354(50)

Deuteron B(2H): -2.224 MeV

. A=+ doublet: *H, ~*He,

H, A=550 | A=600 | A=650 | A=700 | Julicho4 | NSC97t | Expt.
Eep(OD | 2,63 246 | 236 | 238 1.87 1.60 2.04
Eeep( | 185 1.51 1.23 1.04 2.34 0.54 1.00

AE., | 078 | 095 1.13 1.34 -0.48 0.99 1.04
CSB-0" | .01 0.02 | 002 | 003 -0.01 0.10 0.35
CSB-1" | 001 | -001 | -001 | -0.01 -0.01 0.24

(All units are given in MeV)




I ow-momentum

Idea: start from a realistic YN

interaction & integrate out the high~
momentum components n tl'xe same
way as as been done for NN.

 Z

Viowk

a4 N

v Plﬂase shift equivalent
v energy independent

v softer (no hard core)

v hermitian

/

B. -J. Schaeferetal., Phgs. Rev. C 73, 011001 (2006)

YN interaction

0 v
0 A Of; S-wave
r~05fm
A
/ ri{fm]
) \/(

LiPPmanmSc]ﬁwinger E‘quation

2 A 1
T(k',k;E)=V, (k'k)+=P [ dgqg*V, (k' T(q.k:E
[( O = Vi (KK + = f 48 Vi (K30) = T k)}
Conditions
drT,
[ d[i =0; ‘/lowk =A A_>oo:‘/lawk=vbare }

Renormalization Group Flow Equation

| |

d :
d_A ‘/lowk (k ’k) =

2V (K ATAKAY)
E, -H,(A)




and Phase-shhct for SN=>3=N

S, (1=3/2) matrix elements

A=500 MeV

50 | |

NSCO7a ——

40 NSC97¢ —%—
NSC97f —&— |
30
§
?
s = 20
o 53
‘o =)
= © 10
=2 4
3 x
> 0k
4
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B. -J. Schaeferetal., Phgs. Rev. C 73, 011001 (2006)



Cut-off clePenclence

A =1000 MeV

V(k,k) [10° MeV?]
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B. -J. Schaefer et al., Phgs. Rev. C 73, 011001 (2006)






Well known facts about Neutron Stars

Formed from the co”apse remnant of a massive star
after a Tgpe Il b orIc supernova.

Baryonic number: N, ~ 107 (“gjant nuclei”)

Mass: M ~ -2 Mg
Mpsgiomsg = (1.-441£0.0035) Mg

Radius: R ~10-12 km
Density: p ~10” g/cm’

Puniverse ~ 10-° g/cm§
Ooy~ 1.4 g/cm5
pcarth - 55 g/cm§




Magnetic field: B ~108--16 G

o Electric field: E ~108V/cm

; Temperature: T ~106-1K

. Shortest rotational Periocl: Prigsrn = 1.58 ms
| atest cliscoverg: PSR inTerzan 5: P45 544,47 159 ms

© Accretion rates: 107° t0 10°° Mg /year



| et’s have a look into the neutron star interior

a
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N e

ditional and conservative / 'Y B .\\
Picture the internal composition / . & . % . \
of a neutron star has been | . ... 0. \
modelled b% a uniform fluid of o ® 2 Al

nuclear matter in \ ... ..... )
essim with regmecttowedle [ . /
equilibrium with respect to wea \ ® & o0 0

interactions

y -

n—=p+e +Vv_

-
pte n+ve_

} — Mp = Mn _ Me— + Mve_



But because of ...

¢ The value of the central clensitg IS high; p. ~ (4-8)p,
(po=0.17 fm?= 2.8 x 10" g/cm?)

¢ The rapid increase of the nucleon chemical
Potential with clensitg

£ Y

More exotic clegrees of freedom are
exl:)ectecl in the neutron star interior, in
Particular hgperons.

\¥ /




HHPerons are ex!:)ectecl to appear n the core o1c
neutron stars at p ~ (2-%)p,

M, +He— Mve M’Z

Ug =, +u_—u,
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ngerons in Neutron Stars

Since the Pioneering work of Ambartsumgan & Saakgan (1960) ...

*s Relativistic Mean Field Models: Glenclenning, 1985; Knorren,
Prakash & Ellis, 1995, Shatfner-Bielich & Mishustin, 1996

26 Non-realtivistic Potential model: Balberg & Gal, 1997
2o Quark-meson coupling model: Pal eta/.) 1999

20 Brueckner-Hartree-Fock theorg: Baldo, Burgio & Schulze,
2000; E‘ngvik, Hjor’chdensen, Polls, Ramos & Vidafa, 2000

2o Chiral Effective Lagrangjans: Hanauske et al., 2000

e Density clepenclent hadron field models: Hofmann, Keil &
Lenske, 2001



Effect of ngerons in the EoS and Mass of
Neutron Stars

/
Yy,
300 F  —— pn-matter /T
~w-- NN and free hyperons
NN and YN
——- NN, YNand YY

200 ’
; rd
" / i
= 2
w / Pt
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/}.;/}/
0= . . : . .
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ngerons make the EoS softer = reduction of the mass



B—stable Neutron Star Matter

The equilibrium comPosition of the neutron star material is
determined t)g the requirement ot

Ctiarge neutralitg

Equiiibrium with respect to weak interacting 4« A
processes i

b —=b,+1+V, b, +1—b +v,



Relativistic Mean Field aPProach of theronic matter

Using the Lagrangian densitg

wuv = a,uwv _ava; ﬁ,uv = ayﬁv _avﬁ‘u

B=np, AT, 22" 52" A=e,u



one arrives at the hgperonic EoS in the mean field aPProximation

1
= gme(goNG)?)

ki, kp,
" ;221;;’1 {\/k2 + (my + g,,0) K’dk + ;% {1/k2 + mik>dk

+ Le(g0) + %mﬁaz N %miwé . %m;p(@

1

1 1 1 1
p= _gme(gaNG)3 -

4 2 2 2 2 2 2

| 2J+1 k*dk Kk
32 f\/kz E IW

B m +gGB



¢ Coupling Constants

The nucleon couPlin]g constants g, Z,n> Sone b and ¢ are constrained
bg the empirical values of clensitg Po, energy per Particle E/A,

compression modulus K, sgmme‘crg energy asgm and eﬁ:ective mass m*
at nuclear saturation.

The Iﬂgperon cou?ing constants .., g,y and g, are constrained bg:
the binding of A yperon in nuclear matter, hgpemuclear levels and
neutron star masses.

Assuming that all lﬂgperons in the octet have the same couPling) the

hgperon coul:)lings are ex]:)ressed as a ratio to the above mentionecl
nucleon coul:)lings

X

o

8oy . oy . Jo
=L,x = wa xp=_7

w

8on 8N 8N



Two astrol:)hgsical constraints to the hgperon couplings

2eRed shift of EXO0748-676,2 ~ 0.35
2o Mass of Ter 51 M ~1.68 Mg

0.5 H5 H6
(1.73, 0.35) (1.78, 0.35)

E 04 (1 s'g?o 36

— ( i_‘ y V. )\
R R B G T

o3 Hl — /J /7

(155,0.31)," /-

L 7/ -~

1 i 1 n L i L i 1 1
1.4 1.6 1.8 2 2.2 24
Mass (M_ )

sun

K (MeV) 300 m*/m
3 N Below dark: EoS compatible with red shift
(2} | \ , , ,
3 o M e~ Above Ilght: EoS compatlble with mass
o ' ‘\l : \ (1.78,11.8)
155, 109~ : \ (1.7841.6)
I H7 / H5

(1.68,10.9)" 11.73,111.3) .

R A ™ 2) 22 24 B.D. LackegJ M. Nayyar & B. J. Owen, PRC 75, 024021 (2006)

sun
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Brueckner-Hartree-Fock aPProach
of hgperonic matter

. Bethe-Goldstone E‘qua’cion

QB B
Glw =Vip 55 + E Ve = Glw
L ( )BIBZ;B3B4 B\B,:B3B, = B,B,;B5Bg W — E35 _ EB6 + ”7 ( )3536;3334

< Single Particle energy & single l:)ar‘cicle Po‘cential

2

, Wk
LEB,(k)=MB,C +W+RG[U&([€)] }

B;

L UB,. (k) = z E<I€j€> G(a) = EBl. + EB]-) I%I%> }
B, kskp,




Note tlﬂat t]ﬂe Be’che~Golclstone equation

G=V+V QZ. G
w-H,+in

IS Forma”g identical to the Lippman~5chwinger equation for
the scattering of two Particles in the vaccum.

[ Ir=vV+V : —T }
w—-K+in

In fact the G-matrix can be considered as a generalization of
the T-matrix to the medium, when one takes into account the
presences o1C otl"ler Particles.




Medium egects are takc—:n into account tlﬂrough

v Pauli blocking of the intermediate states

The Pauli operator Q Prevents the scattering
to any occupied state, Iimiting the Phase
space of the intermediate states.

¢ Dressing of the intermediate Particles

The modification of the single~Particle
spec’crum due to the inclusion of the
averagecl Potential U “felt’ bg a Par‘ticle
due to its interaction with the others must
be taken into account in the Prol:)agator.




. Enery clensitg & Pressure of p-stable ngeronic Matter

d’k ., Rk 1 | y
E=2 M,c + + —Re[U, 1+ —Re[U,, ]
R s

kF/l

+Ei2 [ K+ m kP dk
A 7T 0
e N
p_p&e .
ap




g lsospin and Strangeness channels




Neutron Star Matter Coml:)osition
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N.K. Glendenning ApJ 295,470 (1985)
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No YY interaction !



Neutron Star Matter EoS (1))
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Additional so&ening
from YY interaction




Structure equations for Neutron Stars: TOV Equations

Since neutron stars have masses M ~ 1-2 M, and radii R ~ 10-20 km,
the value of the gravitational Potential on the neutron star surface is

omc the orcler ]
GM

~1
c’R

with escape velocities of the order of c/2. Tl’xermcore, general relativistic
emcmcects become very important and tl‘lus the structure equations read

dap _ —GM(l + 129(7’) )(1 + 4”7’319(:)"1(1’))(1 ~ an;(r))_1
dr r ce(r) c =,

dm )

o Amr-e(r)

m(r=0)=0

with the bounclarg conditions
p(r=R)=p,,,



Neutron Star Structure
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N.K. Glendenning, ApJ 293, 470 (1985) H.-J- Schulze, 1., A. Polls & A. Ramos Phys. Rev. C 73, 08801 (2006)



lmplications for Neutron Star Structure

¢ The presence of hyperons reduces the maximum mass of
Neutron Stars bg an amount AMmax~ (0.5-0.8) Mo

Microscopic EoS “VCY’H soft EoS” not compatible with
measured masses of NS

£ )

v'Need for extra pressure at high densities
v Two-bodg forces: lmProvecl YN and YY
v Three~bodg forces: NNY, NYY and YYY

\ /







