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 Some known facts about Neutron Stars  

§  Baryonic number: Nb ~ 1057 (“giant nuclei”) 
§  Magnetic field: B ~ 108…15 G (104…11 T)  
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ρuniverse ~  10-30 g/cm3  
ρsun       ~  1.4   g/cm3 
ρearth      ~  5.5   g/cm3 

§  Formed in: type II, Ib or Ic SN   
§  Mass: M ~ 1 - 2 M¤ 
§  Radius: R ~  10 - 12 km 
§  Density: ρ ~ 1014 - 1015 g/cm3 

You are here !! 



 
§   Rotational period distribution 
       è two types of pulsars:   

 
 
 

§   Electric field: E ~ 1018 V/cm  

§  Temperature: T ~ 106…11 K 

§   Accretion rates: 10-10 to 10-8 M¤/year 

§  pulsars with P ~ s 

§  pulsars with  P ~ ms  

Shortest rotational period PSR in Terzan 5: PJ1748-2446ad = 1.39 ms 



Anatomy of a Neutron Star 

Equilibrium composition  
determined by  

ü  Charge neutrality 

ü  Equilibrium with respect to 
 weak interacting processes 

€ 

qiρi = 0
i
∑

€ 

b1→ b2 + l + ν l
b2 + l→ b1 + ν l

€ 

µi = biµn − qi µe −µν e( ), µi =
∂ε
∂ρ i



Hyperons in NS considered by many authors since the pioneering 
work of Ambartsumyan & Saakyan (1960) 

²  Relativistic Mean Field Models: Glendenning 1985; Knorren et al. 1995; 
Shaffner-Bielich & Mishustin 1996, Bonano & Sedrakian 2012, … 

  
²  Non-realtivistic potential model: Balberg & Gal 1997 
 
²  Quark-meson coupling model: Pal et al. 1999, … 
 
²  Chiral Effective Lagrangians: Hanauske et al., 2000 
 
²  Density dependent hadron field models: Hofmann, Keil & Lenske 2001 

Phenomenological approaches 

Microscopic approaches 
²  Brueckner-Hartree-Fock theory: Baldo et al. 2000; I. V. et al. 2000,  
     Schulze et al. 2006, I.V. et al. 2011, Burgio et al. 2011, Schulze & Rijken 2011 
 
²  DBHF: Sammarruca (2009) 

²  Vlow k: Djapo, Schaefer &  Wambach, 2010 
Sorry if I missed 

 somebody 

Hyperons in Neutron Stars 



Hyperons are expected to appear in the core of neutron stars at ρ ~ 
(2-3)ρ0 when µN is large enough to make the conversion of N into Y 
energetically favorable. 

€ 

n + n→ n + Λ

p + e− → Λ + ν e −

n + n→ p + Σ−

n + e− → Σ− + ν e −

€ 

µ
Σ−

= µn + µe − −µν
e−

µΛ = µn



Effect of Hyperons in the EoS and Mass of  
Neutron Stars 

“stiff” EoS 

“stiff” EoS 

“soft” EoS 

“soft” EoS 

Relieve of  Fermi pressure due to the 
appearance of hyperons è

 EoS softer è reduction of the mass 



Measured Neutron Star Masses (up to ~ 2006-2008) 

up to ~ 2006-2008 any valid 
EoS should predict 

Mmax EoS[ ] >1.4−1.5M ¤

(Lattimer & Prakash 2007) 



Hyperons in NS 
(up to ~ 2006-2008) 

(Lattimer & Prakash 2007) 
(Schulze, Polls, Ramos & IV 2006) 

Phenomenological: 
 Mmax  compatible with 1.4-1.5 M¤



Microscopic : Mmax < 1.4-1.5 M¤

(Glendenning 1991) 



 

M =1.67± 0.11M¤

ü  binary sytem (P=95.17 d) 

ü  high eccentricity (ε=0.437) 

ü  companion mass: 

ü  pulsar mass:  



~1M
¤

Recent measurements of high masses    life of hyperons more difficult 

T h e  p r e c i s e 
measurement of the 
m a s s  o f  P S R 
J1903+0328 (1.67 +/- 
0.01 Msun) excludes 
several “soft” EoS for 
dense matter 



Two-solar mass neutron star measured 
Nature 464, 1081 (2010) 

Δt = − 2GM
c3

log 1−

R ⋅

R '( )

Binary millisecond pulsar PSR J1614+2230 
Shapiro delay signature  

The mass 1.97 +/- 0.04 Msun  of the pulsar 
PSR J1614+2230 rules out almost all 
currently proposed hyperon or boson 
condensate EoS. Quark matter can support 
such a massive star only if quarks are 
strongly interacting (not “free quarks”)     



On April 26th 2013 the discovery of the  most massive (up to now)  
pulsar (PSR J0348+0432) was made public  

M = 2.01± 0.04M¤

ü  binary system (P=2.46 h) 

ü  very low eccentricity  

ü  companion mass: 

ü  pulsar mass:  



0.172± 0.003M
¤



Measured Neutron Star Masses (2014)  

Observation of ~ 2 Msun neutron stars 

Dense matter EoS stiff enough is 
required such that  

Mmax EoS[ ] > 2M
¤

Can hyperons still be present in the 
interior of neutron stars in view of 
this constraint ? 

updated from Lattimer 2013 



The Hyperon Puzzle 

“Hyperons è “soft (or too soft) EoS” not compatible 
(mainly in microscopic approaches) with measured (high) 
masses. However, the presence of hyperons in the NS 
interior seems to be unavoidable.”    

ü  can YN & YY interactions still solve it ? 

ü  or perhaps hyperonic three-body forces ? 

ü  what about quark matter ?  



 Can Hyperonic TBF solve this puzzle ? 

NNN Force 

Natural solution based on:  Importance of NNN force in Nuclear Physics 
(Considered by several authors: Chalk, Gal, Usmani, Bodmer, Takatsuka, Loiseau, Nogami, Bahaduri, IV)  

NNY, NYY &  YYY  Forces 

Energy density 

Pr
es

su
re

 

NN, NY & YY 

NN, NY,  YY 
NNN, NNY, NYY & YYY 

Can hyperonic TBF provide 
enough repulsion at high 
densities to reach 2M  ?   

¤

? 



Two-meson exchange Hyperonic TBF 

B1’ B2’ B3’ 

B1 B2 B3 

M1 

M2 

B 
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M1 

M2 

B1’ B2’ B3’ 

B1 B2 B3 

M1 

M2 B2 

= + 

B1’ B2’ B3’ 
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M1 

M2 
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Z – diagram 

B: Λ, Σ,  Δ,  Σ*	
 B2: N, Λ, Σ	


B - excitation Bi Bi’: N, Λ, Σ	


 Mi: π, K, σ, ω	


 Vertices: consistent with YN and YY 	


Repulsion at high densities due to Z-diagram as in NNN



Baryon-excitation contribution  
(π-, K-exchange) 

VNNY
M1M2 ,B =CNNY

M1M2 ,B ÔA X12 (
r12 ),X23(

r23){ }(
+ÔB X12 (

r12 ),X23(
r23)[ ])

Xij (
x) =

σ i ⋅

σ jYij (x)+ Ŝij (x̂)Tij (x)

Yij (x) =
∂2Zij
∂x2

+
2
x
∂Zij
∂x
, Tij (x) =

∂2Zij
∂x2

−
1
x
∂Zij
∂x

Z12 (x) =
4π
mM1

d

k

(2π )3
e−i

k ⋅x

k2 +mM1

2 F
B1B1

'M1
(k2 )FB2BM1∫ (k2 )

Z23(x) =
4π
mM2

dq
(2π )3

e−i
q⋅x

q2 +mM2

2 F
B3B3

'M2
(q2 )F

B2
' BM2

∫ (q2 )

ÔA,ÔB → isospin structure 



Isospin structure: operators ÔA & ÔB 

VNNY
M1M2 ,B ÔA ÔB

VNNΛ
ππ ,Σ*,VNNΛ

ππ ,Σ,VNNΣ
ππ ,Σ*,VNNΣ

ππ ,Λ,VNNΣ
KK ,Λ,VNNΣ↔NNΛ

ππ ,Σ*

τ1 ⋅

τ 3

VNNΣ
ππ ,Δ 

τ1 ⋅

τ 2,

τ 2 ⋅

I3{ } 1

4

τ1 ⋅

τ 2,

τ 2 ⋅

I3"# $%

VNNΣ↔NNΛ
ππ ,Δ


τ1 ⋅

τ 2,

τ 2 ⋅

ρ3{ } 1

4

τ1 ⋅

τ 2,

τ 2 ⋅

ρ3[ ]

VNNΛ
KK ,Σ* 

11 ⋅

τ 2,

τ 2 ⋅

13{ } −

1
2

11 ⋅

τ 2,

τ 2 ⋅

13#$ %&

VNNΛ
KK ,Σ 

11 ⋅

τ 2,

τ 2 ⋅

13{ }


11 ⋅

τ 2,

τ 2 ⋅

13"# $%

VNNΛ
KK ,Λ

1

VNNY
M1M2 ,B =CNNY

M1M2 ,B ÔA X12 (
r12 ),X23(

r23){ }+ ÔA X12 (
r12 ),X23(

r23)[ ]( )



Isospin structure: operators ÔA & ÔB (cont’) 

VNNY
M1M2 ,B ÔA ÔB

VNNΣ
KK ,Σ

VNNΣ↔NNΛ
KK ,Σ*


ρ1 ⋅

τ 2,

τ 2 ⋅

τ 3{ } −

1
2

ρ1 ⋅

τ 2,

τ 2 ⋅

τ 3[ ]

VNNΣ
KK ,Σ* 
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1
2
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τ 3[ ]


τ1 ⋅

τ 2,
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τ 3[ ]
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KK ,Σ 
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τ 2 ⋅

τ 3{ } 

ρ1 ⋅

τ 2,

τ 2 ⋅

τ 3[ ]

VNNΣ↔NNΛ
KK ,Λ 
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τ 2

VNNY
M1M2 ,B =CNNY

M1M2 ,B ÔA X12 (
r12 ),X23(

r23){ }+ ÔA X12 (
r12 ),X23(

r23)[ ]( )



Z-diagram contribution 
(σ,ω-exchange) 

§  σσ–exchange contribution	


VNNY
σσ ,B =CNNY

σσ ,B −4Z12 (r12 )Z23(r23)∇r2
'
2( − 4Z12

' (r12 )Z23(r23)r̂12 ⋅∇r2
'

−4Z12 (r12 )Z23
' (r23)r̂23 ⋅∇r2

' − Y12 (r12 )Z23(r23)+ Z12 (r12 )Y23(r23)( )

−r̂12 ⋅ r̂23Z12
' (r12 )Z23

' (r23)− 2i Z12
' (r12 )Z23(r23)


σ 2 ⋅r̂12 ×∇r2

'(

+Z12 (r12 )Z23
' (r23)


σ 2 ⋅r̂23 ×∇r2

' ))δ r1 − r1'( )δ r2 − r2'( )δ r3 − r3'( )



§  ωω–exchange contribution	


VNNY
ωω,B =CNNY

ωω,B 1+

σ1 ⋅

σ 2 +


σ1 ⋅

σ 2 +


σ 2 ⋅

σ 3( )( r̂12 ⋅ r̂23 −


σ1 ⋅ r̂23


σ 2 ⋅ r̂12 −


σ 2 ⋅ r̂23


σ 3 ⋅ r̂12(

−

σ1 ⋅ r̂23


σ 3 ⋅ r̂12 )Z12' (r12 )Z23' (r23)− 2iZ12' (r12 )Z23(r23)


σ 2 +


σ 3( ) ⋅ r̂12 ×∇r3

'

−2iZ12 (r12 )Z23
' (r23)


σ 2 +


σ 3( ) ⋅ r̂23 ×∇r2

' − 4Z12 (r12 )Z23(r23)∇r1
' ⋅∇r3

' )
δ
r1 −
r1
'( )δ r2 − r2'( )δ r3 − r3'( )

§  σω–exchange contribution	


VNNY
σω,B =CNNY

σω,B 1+

σ 2 ⋅

σ 3( )Z12 (r12 )Y23(r23)(( − 2iZ12 (r12 )Z23

' (r23)

σ 2 +


σ 3( ) ⋅ r̂23 ×∇r2

'

+2iZ12
' (r12 )Z23

' (r23)

σ 2 +


σ 3( ) ⋅ r̂12 × r̂23 + 2iZ12 (r12 )Z23' (r23)


σ 2 ⋅ r̂23 ×∇r3

'

+2Z12
' (r12 )Z 23(r23)r̂12 ⋅∇r3

' + 2Z12 (r12 )Z23
' (r23)r̂23 ⋅∇r3

' + 4Z12 (r12 )Z23(r23)∇r2
' ⋅∇r3

'

−
1
3

σ 2 ⋅

σ 3Y12 (r12 )+ Ŝ23(r̂23)T23(r23)( )Z12 (r12 )#$%

+DNNY
σω,B −Y12 (r12 )+Y23(r23)− 4Z12

' (r12 )Z23
' (r23)−3Z12

' (r12 )∇r2
' ⋅ r̂12( )

+i

σ 2 ⋅ 2∇r23

×∇r12
− 5∇

r2
' × r̂23( )Z12 (r12 )Z23(r23)

+
r12↔

r23,
r1↔
r1
', r2↔

r2
',

σ1↔


σ 3( ))δ(r1 − r1' )δ(r2 − r2' )δ(r3 − r3' )



But that’s only the beginning of the full story 
 there are  

MANY, MANY, MANY more forces & contributions  …. 



BHF approximation of Hyperonic Matter 

"   Bethe-Goldstone Equation Partial sumation of pp ladder  diagrams 

ü   Pauli blocking 
ü   Baryon dressing 

"   Energy per particle 

Infinite sumation of two-hole 
 line  diagrams 

E
A

(ρ,β) = 1
A

2k2

2mB

+
1
2

Re UB (

k )!

"
#
$

%

&
'

(

)
*

k≤kFB

∑
B
∑

 

€ 

G ω( ) =V +V Q
ω − E − E ' + iη

G ω( )

 
EB (k) = 

2k2

2mB

+Re UN (k)[ ]+mB

 
UB (k) =


k

k ' G ω = EB (k)+EB ' (k ')( )


k

k '

k '≤kFB '

∑
B '
∑

 



Three-Body Forces within the BHF approach 

TBF can be introduced in our BHF 
approach by adding effective 
density-dependent two body forces 
to the baryon-baryon interactions V 
when solving the Bethe-Goldstone 
equation 

VBiBj
eff rij( ) = W3

ri,
rj,
rk( )n ri,

rj,
rk( )d3rk∫

  

€ 

W3
 r i,
 r j ,
 r k( ) :  genuine TBF    

€ 

n  r i,
 r j ,
 r k( ) :  three-body correlation function  



From the genuine NNN,NNY, NYY and YYY TBF  … 

NNN è NN NNY è NN, NY 

NYY è NY, YY YYY è YY 



Effective NN  
density-dependent 
2BF from NNY 

• VNN
ππY ,B r( ) =CNNY

ππ ,BρY VS
ππ r( )


σ1 ⋅

σ 2 +VT

ππ r( )S12 r̂( )"# $%

τ1 ⋅

τ 2

• VNN
ωωY ,B r( ) =CNNY

ωω,BρY VC
ωω r( )+VSωω

r( )

σ1 ⋅

σ 2 +VT

ωω r( )S12 r̂( )"# $%

• VNN
σωY ,B r( ) =CNNY

σω,BρNVC
σω r( )

• VNN
σσY ,B r( ) =CNNY

σσ ,B ρNVC1
σσ r( )+ ρN

5/3VC2
σσ r( )!" #$



Effective NΛ density-dependent 2BF from NNΛ	


• VNΛ
KKN ,Λ r( ) =CNNΛ

KK ,ΛρN VS
KK r( )


σ1 ⋅

σ 2 +VT

KK r( )S12 r̂( )#$ %&

• VNΛ
ωωN ,N r( ) =CNNΛ

ωω,NρN VC
ωω r( )+VSωω

r( )

σ1 ⋅

σ 2 +VT

ωω r( )S12 r̂( )#$ %&

• VNΛ
σωN ,N r( ) =CNNΛ

σω,NρΛVC
σω r( )

• VNΛ
σσN ,N r( ) =CNNΛ

σσ ,N ρΛVC1
σσ r( )+ ρΛ5/3VC2

σσ r( )"# $%

• VNΛ
KKN ,Σ/Σ* r( ) =CNNΛ

KK ,Σ/Σ*ρN VS
KK r( )


σ1 ⋅

σ 2 +VT

KK r( )S12 r̂( )$% &'

τ1 ⋅

12



Effective NΣ  
density-dependent 2BF 

from NNΣ	


• VNΣ
ππN ,Δ r( ) =CNNΣ

ππ ,ΔρN VS
ππ r( )


σ1 ⋅

σ 2 +VT

ππ r( )S12 r̂( )$% &'

τ1 ⋅

I2

• VNΣ
σωN ,N r( ) =CNNΣ

σω,NρΣVC
σω r( )

• VNΣ
σσN ,N r( ) =CNNΣ

σσ ,N ρΣVC1
σσ r( )+ ρΣ

5/3VC2
σσ r( )"# $%

• VNΣ
KKN ,Λ/Σ r( ) =CNNΣ

KK ,Λ/ΣρN VS
KK r( )


σ1 ⋅

σ 2 +VT

KK r( )S12 r̂( )$% &'

τ1 ⋅

τ 2

• VNΣ
KKN ,Σ* r( ) =CNNΣ

KK ,Σ*ρN VS
KK r( )


σ1 ⋅

σ 2 +VT

KK r( )S12 r̂( )#$ %&

τ1 ⋅

12

• VNΣ
ωωN ,N r( ) =CNNΣ

ωω,NρN VC
ωω r( )+VSωω

r( )

σ1 ⋅

σ 2 +VT

ωω r( )S12 r̂( )#$ %&



Effective density-dependent transition NΣ – NΛ   
from NNΣ – NNΛ 	


• VNΣ↔NΛ
ππN ,Δ r( ) =CNNΣ↔NNΛ

ππ ,Δ ρN VS
ππ r( )


σ1 ⋅

σ 2 +VT

ππ r( )S12 r̂( )&' ()

τ1 ⋅

I2

• VNΣ↔NΛ
KKN ,Λ/Σ/Σ* r( ) =CNNΣ↔NNΛ

KK ,Λ/Σ/Σ* ρN VS
KK r( )


σ1 ⋅

σ 2 +VT

KK r( )S12 r̂( )%& '(

τ1 ⋅

12



Effect of  TBF on Mean Field & E/A 

ü  Only NNY considered (preliminar) 

ü  Repulsion at high densities due to 
      Z-diagram contribution as in NNN
 



Density-dependent contact terms: (Balberg & Gal 1997)  

€ 

Vy ρx( ) = axyρx + bxyρx
γ xy

Potential of a baryon By in a sea 
of baryons Bx  of density ρx 

attraction repulsion 
€ 

εxy ρx,ρy( ) = axyρxρy + bxyρxρy
ρx
γ xy + ρy

γ xy

ρx + ρy

% 

& 
' ' 

( 

) 
* * 

Folding Vy(ρx) with ρx, Vx(ρy) with ρy and 
 combining with weight factors  ρx/ ρ and ρy/ ρ 

larger than  1 

Work is in progress, many more contributions have to be considered,  
but we can still try to estimate the effect of  hyperonic TBF in  NS 


1-. Construct the hyperonic matter EoS within the BHF at 2 body level   
                                          (Av18 NN + NSC89 YN)  
 
2-. Add simple phenomenological density-dependent contact terms that  
     mimic the effect of TBF.   



Then, we have … 

€ 

+aΣNρΣρN + bΣNρΣρN
ρΣ
γ ΣN + ρN

γ ΣN

ρΣ + ρN

% 

& 
' 

( 

) 
* 

€ 

εCT = aNNρN
2 + bNNρN

γ NN

€ 

+aΛNρΛρN + bΛNρΛρN
ρΛ
γΛN + ρN

γ ΛN

ρΛ + ρN

% 

& 
' 

( 

) 
* 

€ 

ρN = ρn + ρp , ρΣ = ρ
Σ−

+ ρ
Σ0

+ ρ
Σ+ NYY è YY and  YYY è YY  

not included for consistency 



The parameters aNN, bNN and γNN 
fitted to reproduce ρ0=0.16 fm-3, 

 E/A=-16 MeV and K  =211-285 MeV 

For simplicity, we take aΛN=aΣN, bΛN=bΣN and γΛN=γΣN with 

€ 

aΛN = xaNN , bΛN = xbNN , x = 0,1
3
,2
3
,1 to explore different strength 

of the hyperonic TBF 

γΛΝ is obtained  using the value of 
-28 MeV for the binding  energy 
of a Λ in nuclear matter 

B
A
!

"
#

$

%
&
Λ

= 28MeV = −UΛ (k = 0)− aYNρ0 − bYNρ0
γYN

UΛ (k = 0) = −30.8MeV



1.27 <Mmax <1.6M¤

Hyperonic TBFs seem not to be the full 
solution of the “Hyperon Puzzle”, although 
they probably contribute to its solution 

IV, Logoteta, et al., (2011)  

Effect of hyperonic TBF on Mmax 



Summary & Conclusions 

      Assuming the strength of  hyperonic TBF ≤  nucleonic TBF: 
 
  1.27 M¤< Mmax < 1.60 M¤    compatible with 1.4-1.5 M¤

     but incompatible with observation of very massive NS 

     PSR J1903+0327  (1.67±0.01) M¤ 

   PSR J1614-2230  (1.97±0.04) M¤  
    PSR J0348+0432  (2.01±0.04) M¤ 

 

v  Simple model to establish numerical lower and upper limits to the  
effect of hyperonicTBF on the maximum mass of NS. 

v  Construction of two-meson exchange hyperonic TBF 

Repulsion is obtained at high densities (Z-diagram)
D. Logoteta, Ph.D. Thesis (Univ. Coimbra 2013)  



 Take away message  

Hyperonic Three-Body Forces seem not to be 
the full solution to the “Hyperon Puzzle”,  
although they probably can contribute to it  
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