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SN	  Ib,	  Ic,	  SN	  II	  
 
 

Proto-‐neutron	  stars	  
 
 

Neutron	  stars	  

hot	  &	  dense,	  
lifeOme	  ~10	  seconds	  

cold	  &	  dense,	  
Omescale	  billions	  of	  years	  



SN	  Ib,	  Ic,	  SN	  II	  
	  
 

Proto-‐neutron	  stars	  
 
 

Neutron	  stars	  

}Non-‐rotaOng	  
neutron	  stars	  

Radio	  pulsars,	  	  
RRATS	  	  

Neutron	  stars	  in	  	  
Low-‐mass	  
X-‐ray	  binaries	  
(LMXBs)	  	  

XDINs	   AXPs	  SGRs	   CCOs	  

hot	  &	  dense,	  
lifeOme	  ~10	  seconds	  

cold	  &	  dense,	  
Omescale	  billions	  of	  years	  

Magnetars 



The	  maximum	  possible	  central	  densi9es	  of	  neutron	  stars	  

Oliver Hamil, SDSU (2010) 

1.98 Msun 

Maximum possible mass  

Possible density range 

See also Rhoades & Ruffini (1974), Hartle (1978), 
Lattimer & Prakash (2010) 
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Rota9on	  in	  General	  Rela9vity	  

Ø  Frame	  dragging	  (Lense—Thirring	  effect)	  
Ø  RotaOonal	  deformaOon	  (à	  2-‐D	  problem)	  
Ø  Define	  limits	  on	  stable	  rapid	  rotaOon	  

Rota9on	  in	  General	  Rela9vity	  



q  Metric: ds2 = − e−2ν dt2 + e2(α+β ) r2 sin2θ (dφ – Nφ dt)2 + e2(α–β) (dr2 + r2 dθ2) 

q  Christoffel symbols:  
       Гσµν= gσλ (∂νgµλ + ∂µgνλ – ∂λgµν) / 2 

q  Riemann tensor:  
       Rτµνσ = ∂νГ

τ
µσ – ∂σГ

τ
µν + ГκµσГ

τ
κν – ΓκµνΓ

τ
κσ 

q  Ricci tensor: Rµν = Rτµσν g
σ
τ 

q  Scalar curvature: R = Rµν g
µν 

q  Kepler frequency: ΩK = r–1 eν–α–β UK + Nφ  

q  Differential rotation/uniform rotation 
 

    

 
 

Einstein's	  Field	  Equa9ons	  for	  Rota9ng	  Compact	  Objects	  

  Stellar properties: M, Rp, Req, I, z, ΩK, ω, P, ε, ρ 



The	  maximum	  possible	  rota9onal	  periods	  

Strange	  quark	  stars	  

Observed	  	  
masses	  
and	  	  
rotaOonal	  	  
periods	  

Neutron	  stars	  
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Frequency dependence of a neutron star’s central density 

1.45 Msun 

1.00 Msun 



Frequency dependence of a neutron star’s central density 

Hyperons (?) 

K-meson condensate (?) 

Quark deconfinement (?) 

1.45 Msun 

1.00 Msun 

Pure quark matter (?) 



Rota9on-‐driven	  	  
changes	  in	  
neutron-‐to-‐proton	  
ra9o	  



Sample	  composiOon	  of	  NS	  ma_er	  



n 

p	  n	   e-	
 νe	  + + 

Fermi	  surface	  

n	   p	   e-	
 νe	  + + 

Rota9on-‐driven	  onset	  of	  Direct	  Urca	  Process	  in	  stellar	  core	  



R.	  Negreiros,	  S.	  Schramm,	  FW	  (2012)	  
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Cas	  A	  

Chandra	  

Historical	  supernova	  SN	  1680	  	  



310 320 330 340 350
Age (years)

2.00×106

2.02×106

2.04×106

2.06×106

2.08×106

2.10×106

2.12×106

T s(K
)

Neutron Star in Cas A
Discovered in 1999 with  
Chandra X-ray Observatory 
 
C. O. Heinke & W. C. G. Ho,  
ApJ Letters 719 (2010) L167  



310 320 330 340 350
Age (years)

2.00×106

2.02×106

2.04×106

2.06×106

2.08×106

2.10×106

2.12×106

T s(K
)

K = 6.90 x 10-18, �M = 5.5 x 10-11, �
0
/�K = 0.67

K = 3.34 x 10-16, �M = 6.0 x 10-9 , �
0
/�K = 0.42

Cas A

M
 = 1.97 M

sun , � = 107.83

M
 = 1.5 M

sun ,  � = 8.91

R. Negreiros, S. Schramm, FW (2012) 



See	  also	  D.	  Yakovlev	  et	  al.,	  MNRAS	  411	  (2011)	  1977	  





Rota9on-‐driven	  
changes	  in	  
hyperons	  
popula9on	  



Jirina Stone (ORNL) & FW, 2012 

Data: DDRMF (Hofmann, Keil, Lenske) 

Rota9on-‐driven	  composi9onal	  changes	  inside	  of	  neutron	  stars	  

Crust	  
Nucleons	  
Lambdas	  
Sigma—	  	  	  

Sigma+	  

Sigma0	  

Xi0	  

Xi—	  

x,y 

z 



P. Rosenfield, (SDSU, 2008); Equation of state: DDRMF, Hofmann, Keil, Lenske. 64 (2001) 034314

εc/ε0=7 @ v=0 

εc/ε0=3 @ v=vK Equatorial	  direcOon	  

Model	  ComposiOon	  of	  a	  M=1.7	  Msun	  Neutron	  Star	  



Model	  ComposiOon	  of	  a	  M=1.7	  Msun	  Neutron	  Star	  

P. Rosenfield, (SDSU, 2008); Equation of state: DDRMF, Hofmann, Keil, Lenske. 64 (2001) 034314

εc/ε0=7 @ v=0 

εc/ε0=3 @ v=vK Equatorial	  direcOon	   	  Polar	  direcOon	  



A	  word	  of	  cauOon	  seems	  appropriate	  

Dyson	  equaOon	  

Self-‐energy	  

Direct	  term	  
	  
Hartree	  (Walecka)	  	  	  	  	  	  Hartree-‐Fock	  

Exchange	  term	  



T-‐matrix	  approximaOon	  

σ,ω,ρ,π,δ,φ	


OBEP	  
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ComposiOon	  computed	  for	  RBHF	  approximaOon	  

universal	  coupling	   non-‐universal	  coupling	  



Rota9on-‐driven	  
changes	  in	  
quark	  maNer	  
content	  



Modeling	  the	  Quark-‐Hadron	  Phase	  Transi9on	  
in	  the	  Cores	  of	  Neutron	  Stars	  

q  Phenomenological	  model	  for	  quark	  ma_er	  (MIT	  bag,	  NJL)	  	  
 
 

q  Phenomenological	  model	  for	  confined	  hadronic	  ma_er	  (RMF,	  RHF,	  RBHF)	  	  

q  Impose	  global	  electric	  charge	  neutrality	  (Glendenning	  1992) 

q  Impose	  chemical	  equilibrium	  

Ph(µ, µ
e,�) = Pq(µ, µ

e,�) , � ⌘ Vq/(Vq + Vh)



RMF	  

n3fNJL	  

M.	  Orsaria,	  H.	  Rodrigues,	  FW,	  G.	  A.	  Contrera	  (October,	  2012)	  
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Model	  Neutron	  Star	  Ma_er	  ComposiOon	  
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M.	  Orsaria,	  H.	  Rodrigues,	  FW,	  G.	  A.	  Contrera	  (October,	  2012)	  

Mass-‐Radius	  RelaOonship	  
	  
Non-‐local	  SU(3)	  NJL	  model	  
with	  vector	  coupling	  



M.	  Orsaria,	  H.	  Rodrigues,	  FW,	  G.	  A.	  Contrera	  (October,	  2012)	  

Non-‐local	  SU(3)	  NJL	  model	  
with	  vector	  coupling	  



2 4 6 8 10 12
1E-3

0,01

0,1

1
Gv = 0.1 Gs

 ρu

 ρd

 ρs

Σ
-

Σ
0

Ξ
-

Σ
+

Λ
0

µ
-
e

p

 

 Y i

ρ/ρ0

n

0
50

100

150

200

0

200

400

600

800

1000

1200

1400

300

400

500

600

700

 Hadronic Phase
 Mixed Phase
 Quark Phase

P 
[M

eV
.fm

-3
]

µ B
 [M

eV]
µ
e  [MeV]

Gv = 0.1 Gs

Milva	  Orsaria	  &	  Hilario	  Rodrigues	  (June	  2012)	  

Model	  
neutron	  
star	  ma_er	  
composiOon	  

Associated	  
equaOon	  of	  
state	  

Re
la
Ov
e	  
Pa
rO
cl
e	  
Fr
ac
Oo

ns
	  



“Backbending” 

I =
1

�

Z
dr d� d⇥ T�

t p�g

Ø  Braking indices of pulsars  − ∞ < n  < + ∞  

Ø  Spin-up of isolated rotating neutron stars 

Signals of quark deconfinment: 

Braking index (n) of a pulsar: 

n = 3� I 00�2 + 3I 0�

I 0�+ 2I

Moment of inertia 

Glendenning, Pei, FW, PRL 79 (1997) 1603 
Chubarian, Grigorian, Poghosyan, Blaschke A&A 357 (2000) 
FW, Prog. Nucl. Part. Phys. 54 (2005) 193 



Geometrical	  Structures	  in	  Quark-‐Hadron	  Phase	  

Ø  Impose	  global	  (rather	  than	  local)	  electric	  charge	  neutrality	  
	  
Ø  Relaxes	  the	  extreme	  isospin	  asymmetry	  of	  neutron	  star	  ma_er	  

q  Allows	  for	  re-‐arrangement	  of	  electric	  charges	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
q  Posi9vely	  charged	  regions	  of	  nuclear	  ma_er	  	  
q  Nega9vely	  charged	  regions	  of	  quark	  ma_er	  

	  
Ø  CompeOOon	  between	  Coulomb	  and	  surface	  energies	  in	  the	  mixed	  

phase	  	  
	  

Ø  Mixed	  quark-‐hadron	  phase	  may	  develop	  geometrical	  structures 

….	  N.	  K.	  Glendenning,	  PRD	  46	  (1992)	  1274	  
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Model	  Neutron	  Star	  Ma_er	  ComposiOon	  



Quark	  blobs	   Hadronic	  blobs	  

	  	  	  	  Hadron	  Gas	   	  	  	  Quark	  Gas	  (0	  <	  χ	  <	  1)	  	  

Impact	  on	  heat	  capacity,	  thermal	  conduc9vity,	  neutrino	  emissivity?	  
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Mass	  number,	  A,	  of	  spherical	  blobs	  as	  a	  funcOon	  	  
of	  quark	  volume	  fracOon,	  χ  

Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  (to	  appear	  in	  PRD)	  



!

"#$I%&'6(
"#$I%&$
"#$I%&)

"#)I%&'6(
"#)I%&$
"#)I%&)

"#

$'

$''

$'''

$'*

$'(

+,''

+,''-I%&'6(
+,''-I%&$
+,''-I%&)

+,''--I%&'6(
+,''--I%&$
+,''--I%&)

$'

$''

$'''

$'*

$'(

.

' '6) '6* '6/ '60 $

Electric	  charge,	  Z,	  of	  spherical	  blobs	  as	  a	  funcOon	  	  
of	  quark	  volume	  fracOon,	  χ  

Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  (to	  appear	  in	  PRD)	  
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Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v2	  	  (to	  appear	  in	  PRD)	  

Electron-‐quark	  blob	  
Bremsstrahlung:	  

Modified	  URCA:	  

Nucleon	  Bremsstrahlung:	  

n+n → n+p+e+ν  

n+n → n+n+ν+ν  

e+(Z,A) → e+(Z,A)+ν+ν  
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“Standard” (i.e., no 
geometrial structures) 
quark-hadron gas 

Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  (to	  appear	  in	  PRD)	  
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Thermal	  ConducOvity	  

Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  (to	  appear	  in	  PRD)	  



ParOcle	  composiOon	  in	  rotaOng	  (proto-‐)	  neutron	  stars	  is	  
not	  frozen	  in:	  
	  
Ø  Neutron-‐to-‐proton	  raOo	  
	  
Ø  Hyperon	  populaOon	  
	  
Ø  Boson	  condensates	  	  
	  
Ø  Quark	  ma_er	  fracOon	  

all	  change	  with	  frequency.	  
	  
Hyperons,	  boson	  condensates,	  quark	  ma_er	  may	  be	  
removed/produced	  during	  spin-‐up/spin-‐down	  
	  



ParOcle	  composiOon	  in	  rotaOng	  (proto-‐)	  neutron	  stars	  is	  
not	  frozen	  in:	  
	  
Ø  Neutron-‐to-‐proton	  raOo	  
	  
Ø  Hyperon	  populaOon	  
	  
Ø  Boson	  condensates	  	  
	  
Ø  Quark	  ma_er	  fracOon	  

all	  change	  with	  frequency.	  
	  
Hyperons,	  boson	  condensates,	  quark	  ma_er	  may	  be	  
removed/produced	  during	  spin-‐up/spin-‐down	  
	  

	  	  	  	  	  Observable	  signals	  
•  Enhanced	  cooling	  turned	  	  
	  	  	  	  	  	  on/off	  
•  Spin-‐up	  of	  isolated	  NSs	  
•  Backbending	  
•  Braking	  index	  


