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Neutron Star Structure from Brueckner Theory

ROSAT image of Puppis A

&=p The only “laboratory” for Y v in the universe |
Need EOS of nuclear matter including hyperons
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Hypernuclear Matter:

= BBB: (939 MeV)

V=V,+V # = "
(1116 MeV)

; _ Y
- =BBD (1193 MeV)

\s T4
U Y +44 . Argonne, Bonn, Paris, ...
’ ,x': o, +% . Nijmegen (NSC89, NSC97, ...
- + . ? (no scattering data)
In free space weak decay.: . ! # + u etc.

In dense nucleonic medium the decay is Pauli-blocked!



Brueckner Theory of (Hyper)Nuclear Matter:

Effective in-medium interaction G from potential V:
1 —f—C
G = + G
—a— —5—0 \
parameter-free ! (O) self-consistent
O - N

6= o+ * (<)

Compute: binding energy, s.p. properties, cross sections,

K.A. Brueckner and J.L. Gammel; PR 109, 1023 (1958) for nucle ar matter

Extension to hypernuclear matter ...



Include Hyperons:

Technical dif culty: coupled channels:

Y Y Y Y Y

)

1
@--=-9

+

Q= ——

Applications: neutron stars, hypernuclei, ...



Three-Nucleon Forces:

Only small effect required [ | ( ) 1MeVat v ]
Model dependent

Use and compare microscopic and phenomenological TBF...

Microscopic TBF of P. Grangé et al., PRC 40, 1040 (1989)
Exchange of u v x ~ via m( ) ' ( ) ##V
Parameters compatible with two-nucleon potential (Paris,

Urbana IX phenomenological TBF:
Only u-TBF + phenomenological repulsion
Fit saturation point



BHF binding energy and saturation point of nuclear matter:

Coester band:
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& TBF substantially improve saturation



Results of BHF+TBF Approach:

Symmetry energy, EOS, Saturation properties:
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Nuclear ow analysis of Science 298, 1592 (2002)




Single-particle potentials in nuclear matter ( Vg =V ).

A18+UIX NN w NSC89 NY , r = 0.17 fm™, r =
‘X :‘O.OI ‘X :‘0.1I ‘X :‘O.ZI ‘X :‘0.3I X= 04I x=0.5

U MeVN
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&> Hyperons are weaker bound than nucleons
Only slight dependence on proton fraction




«Recipe» for neutron star structure calculation:

Brueckner calculation:

. chemical potentials:

| Beta-equilibrium:
. Charge neutrality:

| Composition:
. Equation of state:

\d
[

TOV equations:

\/
Structure of the star:

KV e a‘o'" ) &
- _ Fk

‘E FTvg

pE 3&> Bes

& B

" dv)
Av)= v 2KV gy

5v

5A_ > (k+A( + uCA>)
5C ¢ > C

5> _

T— ucC k

v(iQ " (") etc.



«Recipe» for neutron star structure calculation:

Brueckner calculation:
. chemical potentials:

| Beta-equilibrium:
. Charge neutrality:

| Composition:
. Equation of state:

\d
[

TOV equations:

\/
Structure of the star:

C , Vv
KV e‘a‘o'" ) ‘@&
e Ex 26=2;= 27 Za
~ - - Z = Z9 Z A
pe 3&? Bae ., _ s o=

GE@CE_ 7~+ = ZA
" dv)
Av)= v 2KV )y )

5v

5A_ > (k+A( + uCA>)
5C ¢ > C
5> _
T— uC k

v(iQ " (") etc.



Typical results:

w< 0.2 T o
] =
S L[ nucleons
I + hypeyons
0.1 |
i b
O O | | P |
8 10 12 14
R MmN
Hyperon onset occurs at v Vv

NS structure including  hyperons
... and including quark matter



Masses

Observational Data
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Observational Data: Radil

The Best Measured Neutron Star Radii

Name R D KT e, N, Ref
(km/D) (kpc) (eV) (10 cm?)

omega 5.36 4 Rutledge
Cen 135+2.1 +6% 66 5 9) et al (2002)

(Chandra)

omege . 5.3¢ 5 Gendre

Cen [136x0.| > 67 +2 ox2r | SV,

(XMM)

M13** ‘ 7.8(C . g Gendre

e 12.6 £ 0. +20% 76 £ (1.1 et al (2002

47 Tuc 34, .+22 5.13 84+13 0.13-0.06 Heinke
X7 13 ro 2 004 et al (2006)

(Chandra)

M28** +6.9 5.5 +30 Becker
(Chandra) 14554 +10% 9049 264 et al (2003)
M30 +5.4 +17 2.907,, Lugger
(Chandra) 16.9,3 941, et al (2006)

18+11
NGC 2808 5 18 7 Webb
(XMM) 79 9.6 (7) |1034" et al (2007)

Courtesy of B. Rutledge, NFQCD 2010 meeting

R. < 5%

Caveats:

¥ All IDd by X-ray
spectrum (47 Tuc
Omega Cen now
have optical
counterparts)

¥ calibration
uncertainties

Distances:



Mass-Radius Constraints:

Best Mass-Radius Constraints on the

R
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W15 - Gondre ot at Goozay | R@dius (km) Radius (km)
Omega Cen - Gendre et al (2002b)

Courtesy of B. Rutledge, NFQCD 2010 meeting







Relative fractions

Composition of neutron star matter:

0 T T T T T T T T T T T T T T T T T T T T T T

10

@ i B \[o hyperons

— Paris + TBF
----- V,, + TBF

10;::.:::::::::::::::;
E (b) T

""""""" Free hyperons

i Interacting hyperons

0" v =T e 3 (C repulsive, o attractive)
e 1 YN interaction determines

31 Y onset

0.8 1 1.2

0o 02 04 06
Baryon density r (fm~)




EOS of neutron star matter:

500 Frr T ey e ]

450 F Paris + TBF 1 f Vg + TBF :
~ 400 - = - o .
o r — nh,p,e.,m ] r — n,p,e.m

350 [ - n,p, .m,free Y i E - n,p.e,m,freeY
- - n,p,e,m, interacting Y ] r - - n,pe,m,interacting Y

200 [ 1 F
150 £ e I
100 [ 1 F
50 £ 1k
O T 120 02 04 06 08

Baryon density r (fm”)

& Strong softening due to hyperons |
(More Fermi seas available)



Mass-radius relations with different nucleonic TBF;

I ! I ! I ! I

4

25} ——BOB i
- - = 'V18
\ N93 |
2.0 - \ ) —-—-uIx -
\
g 1.5 -
= - -
1.0 -
0.5 i
0.0 L

R (km)

0.4 0.8 1.2 1.6

r_(fm?)

&= | arge variation with nucleonic TBF
Self-regulating softening due to hyperon appearance

NSC89 NY potential
No YY
No hyperon TBF




Using different NY,YY potentials:

27‘\\\“““\“‘
— \/18+UIX
----- V18+UIX+NSC89 |
""""" V18+UIX+NSC97
wn
=
=
oL~ | S '
3 10 12 14 16
R (km)
Maximum mass too low ( ") !

Proof for “quark” matter inside neutron stars ?1



Using different NY,YY potentials:

2 —m 7 BHF(AV, ¢ +UIX+NSC89) , M/M = 1.20
[ —  VI18+UIX . >200F_
----- V18+UIX+NSC89 | e - P ]
--------- V18+UIX+NSC97 | = 150 a E
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Proof for “quark” matter inside neutron stars ?1
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Inclusion of Quark Matter:

Problem:
Large theoretical uncertainties, limited predictive powe

Important constraint:
In symmetric matter phase transition not below Vv

& MIT model requires density dependent bag “constant”:
(8)
< > &

/ i

<+ ‘¢*'s JLMCHBg) +gp

X
+ g
&<=75p U
(1] #

v
(v)= 1 +( /)?RJh —
v

> h
S

r



Mass-radius relations (including rotation):

25 | T T T [ T T T [ T T T [ T T ] [ T T T [ T T T [ T T T [ T T T [ T
i W=
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&> Principal result: " ® !

Very robust w.r. to reasonable variations of the quark EOS:
Results with bag models, color dielectric model:



18 L L DL L DL A DL L L L DL L L DL L DL

--- CDM | 1
N —-— MIT, B(r) -7 _
15 ™ R— MIT,B=907 [ L Sam
- \ ". ! J L 7 //
L ! \l // ‘ ,."""//
| Ay
l ! / /
1 " / 1
EC) [ , I Il '/
. ' ! 4 F
5 0.9 I | ’I I
= [ ' / I !
| ! I l

0.6 r W 1t P

7 8 9 10 11 12 13 140 04 08 12 16
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& Maximum mass insensitive to quark EOS (1.5...1.6
Radii are slightly different



Mass-radius relations with different h-q phase transition
constructions:

2.0

1.5

M/M

1.0

0.5

0.0

B nucleon ]
— hyperon ]
i —hyp+quark B=100 ]
i —hyp+quark B=B .« (r g)
- / ____________ =
B Bullk GlbbsI | | L

8

10 12 14 16
R [km]

Maximum mass indepen-
dent of phase transition

Screened Gibbs constr.
very close to Maxwell
constr.



Neutron star pro les:

BHFMW18+UIX+NSC89N & MITNB=100,a=0,s=40N, M/M4=1.40
300 j““ RN RN R RN RN RN L RN R =

= N
o o
o o
™
o
©
©

ep WeV fm>N
o
|
|

MmN

0.5 |

N e T i A T T e P S
0 1 2 3 45 6 7 8 9 01 2 3 45 6 7 8 9
r MmN r MmN

&> - Very different internal structures

- Surface tension + screening enforce quasi' Maxwell
construction (exact for x| 70 MeV/fm )

- Hyperons replaced by strange quark matter



Hans-Josef Schulze INFN Catania

Summary:.

Hyperons cannot be ignored !
BHF EOS with hyperons predicts " gr not above !
Inclusion of quark matter phase raises "gr 10 ® :

Masses above " not explainable in our theoretical frame !



