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Surface
● Hydrogen/Helium plasma 
● Iron nuclei

Outer Crust 
● Ions
● Electron gas

Inner Crust 
● Heavy ions 
● Relativistic electron gas
● Superfluid neutrons

Outer Core 
● Neutrons, protons
● Electrons, muons
 

Inner Core
● Neutrons
● Superconducting protons 
● Electrons, muons
● Hyperons (Σ, Λ, Ξ)
● Deltas (Δ)
● Boson (π, K) condensates
● Deconfined (u,d,s) quarks / color- 
 superconducting quark matter

sun

Radii > 10 kmRadii < 10 km

                 Masses ~1 to 2 M

Outer Crust 

Surface

 Strange Quark Star  Neutron Star

Core
● Electrons  
● u,d,s quarks 

 (color-superconducting)



	  
Ø  Hyperons	  

q  Rota=on-‐driven	  changes	  in	  par=cle	  composi=on	  

q  2D	  cooling	  

Ø  Strange	  quarks	  –	  mixed	  phase	  of	  quarks	  and	  hadrons	  

q  Quark	  ma;er	  in	  massive	  neutron	  stars	  

q  Geometric	  structures	  (Coulomb	  laQce)	  

q  Impact	  on	  thermal	  &	  transport	  proper=es	  

	  

Ø  Ultra-‐high	  electric	  surface	  fields	  
q  M-‐R	  rela=on	  

q  Strange	  dwarfs	  

q  Luminosity	  of	  electron-‐positron	  pairs	  

q  Differen=ally	  rota=ng	  electron	  seas	  

q  Electron	  seas	  may	  be	  oscilla=ng	  	  

Ø  Meissner	  effect	  (vortex	  expulsion)	  

Ø  Mass-‐shedding	  periods	  <	  1	  millisecond	  
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...	  an	  observaFonal	  window	  on	  the	  inner	  workings	  of	  
neutron	  stars	  

l  Sensi=vity	  ~100	  =mes	  higher	  than	  the	  VLA	  	  sensi=vity	  
l 	  ~	  20,000	  pulsars	  expected	  to	  be	  discovered	  
l 	  ~	  1000	  MSPs	  
l 	  Pulsars	  around	  black	  holes	  
l 	  Tes=ng	  GR	  
l 	  Ini=al	  opera=ons	  start	  ~2016	  
l 	  Final	  opera=ons	  start	  	  ~2020	  



Jirina Stone (ORNL) & FW, 2012 

Data: DDRMF (Hofmann, Keil, Lenske) 

RotaFon-‐driven	  composiFonal	  changes	  inside	  of	  	  
neutron	  stars	  



Thermal	  EvoluFon	  of	  Neutron	  Stars	  …	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  qualita=ve	  considera=ons	  	  
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R.	  Negreiros,	  S.	  Schramm,	  FW	  (2012)	  
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M.	  Orsaria,	  H.	  Rodrigues,	  FW	  (August,	  2012)	  

Pure	  quark	  
ma;er	  

Quark/hadron	  	  
mixed	  phase	  
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Quark	  MaNer	  in	  Massive	  Neutron	  Stars?	  
Non-‐local	  SU(3)	  NJL	  with	  vector	  coupling	  



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

Mass-‐Radius	  Rela=onship	  
	  
EOS:	  	  non-‐local	  SU(3)	  NJL	  
model	  with	  vector	  coupling	  



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

Equa=on	  of	  state	  (EOS):	  	  	  
Non-‐local	  SU(3)	  NJL	  model	  
with	  vector	  coupling	  



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  Posi=vely	  charged	  regions	  of	  nuclear	  ma;er	  	  
q  	  Nega=vely	  charged	  regions	  of	  quark	  ma;er	  
	  

Ø  Compe==on	  between	  Coulomb	  and	  surface	  energies	  in	  the	  mixed	  
phase	  	  

	  
Ø  Mixed	  quark-‐hadron	  phase	  may	  develop	  geometrical 

….	  N.	  K.	  Glendenning,	  PRD	  46	  (1992)	  1274	  





Quark	  blobs	   Hadronic	  blobs	  

	  	  	  	  Hadron	  Gas	   	  	  	  Quark	  Gas	  (0	  <	  χ	  <	  1)	  	  

Impact	  on	  heat	  capacity,	  thermal	  conducFvity,	  neutrino	  emissivity?	  
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Mass	  number,	  A,	  of	  spherical	  blobs	  as	  a	  func=on	  	  
of	  quark	  volume	  frac=on,	  χ  

Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  
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Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  

Electric	  charge,	  Z,	  of	  spherical	  blobs	  as	  a	  func=on	  	  
of	  quark	  volume	  frac=on,	  χ  
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Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  

Specific	  heat,	  cv,	  of	  quark-‐hadron	  phase	  as	  a	  func=on	  	  
of	  quark	  volume	  frac=on,	  χ  

“Standard” (i.e., no 
geometrial structures) 
quark-hadron gas 
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Xuesen	  Na,	  R.	  X.	  Xu	  &	  FW,	  arXiv:1208.5022v1	  [astro-‐ph.SR	  

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  



Strange quark matter 

Nuclear crust 
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E~1017 – 1019 V/cm 

Gap 

Surface	  Proper=es	  of	  Strange	  Quark	  Ma;er	  

Electron	  layer	  



Rota=on	  at	  Sub-‐Millisecond	  Periods	  

Strange	  quark	  stars	  

Observed	  	  
masses	  
and	  	  
rota=onal	  	  
periods	  

Neutron	  stars	  
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Tolman-‐Oppenheimer-‐Volkoff	  

Rµ⌫ � 1

2
gµ⌫ R = 8⇡Tµ⌫ , Tµ⌫

;µ = 0

ds2 = �e2�(r) dt2 + e2⇤(r) dr2 + r2 d✓2 + r2 sin2 ✓ d�2

.	  .	  .	  describes	  an	  ideal	  fluid	  

Tµ⌫ = (✏+ P )uµu⌫ + gµ⌫P

Line	  element:	  

Einstein’s	  field	  equa=on:	  

Energy-‐momentum	  tensor:	  



Mass-‐Radius	  Rela=onship	  of	  Electrically	  Charged	  Quark	  Stars	  

R. Negreiros, FW, M. Malheiro, V. Usov, PRD 80 (2009) 083006   



Electrically	  Charged	  Quark	  Stars	  	  

T�
µ = (P + ⇤)u�u

µ + P ��
µ +

1

4⇥

✓
FµlF�l +

1

4⇥
��

µFklF
kl

◆

	  Energy	  density	  of	  electric	  field	  is	  of	  same	  order	  as	  energy	  density	  	  
	  of	  quark	  ma;er!	  

R. Negreiros, FW, M. Malheiro, V. Usov, PRD 80 (2009) 083006   

Gravita=onal	  mass	  	  
Increases	  by	  up	  to	  	  
15%.	  
	  
Radius	  increases	  	  
by	  up	  to	  5%.	  

ideal	  fluid	  



Electron	  sphere	  may	  be	  differen=ally	  rota=ng!	  	  	  

Electrically	  Charged	  Quark	  Stars	  (cont.)	  

Could	  explain	  	  
observed	  	  
magne=c	  fields	  	  
of	  CCOs	  	  

R. Negreiros, I. Mishustin, S. Schramm, FW, PRD 82 (2010) 103010   

I = �(⇥+ � ⇥�)

B = const E (�+ � ��)R



Electron	  sea	  may	  perform	  global	  (hydrodynamical	  cyclotron)	  oscilla=ons	  

	  
	  	  	  	  	  Frequency	  spectrum	  calculated	  by	  R.	  X.	  Xu	  et	  al.*	  

*R. X. Xu, Bastrukov, FW, Yu, Molodtsova, PRD 85 (2012) 023008 



*G.	  F.	  Bignami,	  P.	  A.	  Caraveo,	  A.	  De	  Luca,	  &	  S.	  MeregheQ,	  Nature	  423	  (2003)	  725	  	  

Absorp=on	  features	  in	  spectrum	  of	  1E	  1207.4-‐5209	  at	  0.7,	  1.4	  and	  2.1 keV*	  

0.5 1.0 2.0 

0.7	  keV	  
1.4	  keV	  

2.1	  keV	  



Meissner	  Effect	  in	  Quark	  Stars	  made	  of	  CFL	  Quark	  Ma;er	  	  	  	  

Vortex	  expulsion	  reheats	  the	  quark	  star	  
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Equa=ons	  of	  energy	  balance	  and	  thermal	  energy	  transport	  

Input: observed values for B0 , P0	


Output: P(t), dP(t)/dt, B(t), T(t), l(t)  	


Negreiros, Niebergal, Ouyed, FW, PRD 81 (2010) 043005 



Cooling	  of	  CFL	  Quark	  Stars	  via	  Vortex	  Expulsion	  

SGRs/AXPs	  

Negreiros, Niebergal, Ouyed, FW, PRD 81 (2010) 043005 



Negreiros, Niebergal, Ouyed, FW, PRD 81 (2010) 043005 

Neutron	  stars	  

SGRs/AXPs	  



Peculiar	  stellar	  properFes/phenomena	  to	  watch	  out	  for:	  	  

q  “Anomalies”	  in	  thermal	  evolu=on	  

q  Backbending	  of	  isolated	  pulsars	  

q  Braking	  indices	  

q  Superfast	  rota=on	  at	  <	  1ms	  

q  Unusually	  small	  objects	  (CCOs?)	  

q  Unusually	  hot	  objects	  (SGRs,	  AGRs)	  

q  Absorp=on	  features	  (XDIN,	  CCOs)	  

q  Spin-‐down/spin-‐up	  of	  neutron	  stars	  changes	  the	  core	  composi=on	  
q  May	  cause	  phase	  transi=ons	  
	  


