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Neutron star structure  

Main problem is the dense matter equation of state  (EOS) in the inner core.  
        Important for computation of GW signal from NSs mergers. 



Prohibited by 
General 
Relativity 

Universal low-mass 
curve 

Special family of 
low-mass strange stars 

Zoo of EOSs 

Stiff EOSs 

Soft EOSs 

Strange stars 



Prohibited by 
General 
Relativity 

Observational methods of EOS limitation 

Stiff EOSs 

Soft EOSs 
Strange stars 

1.  Maximum neutron star mass 

2.01 ± 0.04 Msun 

Antoniadis et al. 2013 
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2.   Neutron star radii 



CCO	
  –	
  central	
  compact	
  	
  objects	
  in	
  Supernova	
  Remnants	
  



Modern X-ray observatories 

Chandra XMM-Newton 

High angular resolution ~0.’’5 

Small collecting area ~ 340 cm2 

4 nested mirror systems    

Low angular resoiution  ~ 5’’ 

Large collecting area  ~4000 cm2 

 3×58 nested mirror systems  



Proper8es	
  
•  Point	
  X-­‐ray	
  sources	
  	
  (Lx	
  ~	
  1033	
  erg/s)	
  in	
  center	
  of	
  SNR	
  
•  Young	
  (<	
  104	
  yr)	
  with	
  	
  thermal	
  spectra	
  	
  (kТ	
  ~	
  0.1	
  –	
  0.5	
  keV)	
  	
  
•  Very	
  stable	
  flux,	
  there	
  is	
  no	
  evidence	
  for	
  accre8on	
  	
  	
  
•  No	
  op8cal,	
  radio,	
  and	
  γ-­‐	
  radia8on,	
  no	
  pulsar	
  nebula	
  

(GoXhelf	
  	
  et	
  al.	
  2013)	
  

CCO	
  –	
  central	
  compact	
  	
  objects	
  in	
  Supernova	
  Remnants	
  (SNR)	
  



Spectral fitting 

Theory 

Observations 

C 

Observed  
    band    Due to interstellar 

absorption NH    

€ 

fE = FE K = FE
R2(1+ z)2

d2

Model spectrum !    

Normalization 

Simple approximation 

€ 

FE ≈ wBE ( fcTeff )

w ≈ fc
−4

€ 

R (1+ z) = RBB w
−1/ 2 ≈ RBB fc

2
Redshifted 
local spectrum 



                    Atmosphere 
is a thin plasma envelope between a source of 
energy and the open space. Energy transfers 
through the envelope and escapes through the 
open boundary. 

               Model atmosphere 
is a result of a self consistent solution 
of all the equations describing all the basic 
physical laws:  
    - mass conservation,  
    - momentum conservation 
    - energy conservation 
    - energy transport  
    - plasma equation of state  



Plane parallel model of the envelope 

NS crust / ocean 

Thermonuclear burning 

Radiation diffusion  

            Atmosphere 
Emergent spectrum forms here 

NS crust / ocean 

Thermal conductivity 



Input parameters 

Surface gravity   

Bolometric flux    

Chemical composition   
Accretion – composition of the accreted matter 

Low accretion – gravitational separation,  
                          the lightest element domination 

Powerful bursts – burning ash ?  

€ 

F =σ SBTeff
4 Effective temperature Teff 

or 

Relative luminosity  l = F/FEdd 

€ 

g =
GM
R2

(1+ z)



Basic equations 

€ 

dP
dm

= g − gradHydrostatic equilibrium 

€ 

µ
∂Iν
∂m

= (kν +σ e )(Iν − Sν )

µ = cosθ

Radiation transfer 

Radiation equilibrium 

€ 

kν (Jν − Bν )dν −∫ σ e ∫
4kT − hν
mec

2 Jν dν ≈ 0

- pressure ionization effects are included 
-  LTE approximation for number densities 

Equation of state 

€ 

P = NkT

Column density m  – independent variable 

€ 

dm = −ρ dz

normal 
Iν 

θ 



Opacity 
Opacity coefficient  - inverted column density of the photon free path 

€ 

k = mfp
−1 k[ ] = cm2g−1 τ ≈ k m

Two physically different processes  
Electron scattering  - photon changes direction only (Thomson, coherent) 

True absorption opacity – interaction with two particles (ion and electron) 

€ 

kν ≈ σν

NeN
+

ρ
∝ ν−3ρT−1/ 2

free-free opacity 

€ 

σ e =σT
Ne

ρ
≈ 0.2(1+ X) X  is hydrogen mass fraction 

Photon disappears 

Compton scattering – energy and momentum of photon are changed  

€ 

σ e =σ e (ν,T)



No external radiation / fast particles 

Diffusion approximation 

surface 
m = 0 

m ~ 1 

m ~ 104 

Optically thin part 

Optically thick part 

Tsurf < Teff 

T ~  Teff  τR1/4 

τR ~1, T~  Teff    

g 

grad 

P = m (g-grad) ~ ρT 



  Spectrum formation  
     low Teff atmospheres 

Two qualitatively different spectral bands 

Photons are born 
  at these depths 

€ 

τν
eff ≈ kν (kν +σ e ) m

σе σе 





Fν ≈Bν(Tsurf) 



Fν ≈Bν(Tsurf) 
Fν ≈wνBν(T>Teff) 

€ 

wν ≈
kν

kν +σ e



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Par8ally	
  ionized	
  plasma	
  	
  
Computed	
  opaci8es	
  of	
  pure	
  carbon	
  plasma	
  

Dashed curve – Opacity Project computation (see Seaton et al. 1994) 

Opaque band 



	
  	
  	
  	
  	
  	
  	
  Proper8es	
  of	
  carbon	
  model	
  atmospheres	
  
	
  Spectra	
  and	
  temperature	
  structures	
  

Carbon	
  model	
  atmosphere	
  spectra	
  are	
  harder	
  and	
  more	
  diluted	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  comparison	
  with	
  hydrogen/helium	
  models	
  



Chandra	
  image	
  of	
  Cas	
  A	
  



ApJ,	
  2000,	
  531,L53	
  

Blackbody:	
  

Two	
  component	
  
model	
  atmospheres:	
  

Hydrogen	
  polar	
  caps:	
  
Cooler	
  iron	
  surface	
  :	
  

NO	
  PULSATION	
  FOUND	
  

Problem:	
  size	
  of	
  CCO	
  in	
  	
  Cas	
  A	
  



Possible	
  solu8on:	
  size	
  of	
  CCO	
  in	
  Cas	
  A	
  

Nature,	
  2009,	
  462,	
  71	
  



CCO	
  in	
  	
  HESS	
  J1731-­‐347	
  

CCO	
  	
  

A&A,	
  2011,	
  531,	
  A81	
  



CCO	
  in	
  	
  HESS	
  J1731-­‐347	
  

Blue:	
  XMM-­‐Newton	
  contours	
  	
  (0.2-­‐10	
  keV),	
  	
  Red	
  –70	
  μm,	
  Green	
  -­‐	
  24	
  μm,	
  	
  Spitzer	
  	
  

Green	
  -­‐	
  8	
  μm,	
  	
  Spitzer	
   

Figures from  
        Doroshenko V. + 2015 



CCO	
  in	
  	
  HESS	
  J1731-­‐347	
  –	
  twin	
  of	
  CCO	
  in	
  Cas	
  A	
  	
  

Blackbody	
  fit:	
  	
  
kT	
  ≈	
  0.5	
  keV	
  (T	
  ≈	
  6	
  MK),	
  	
  
R	
  	
  ≈	
  	
  1	
  km	
  at	
  D=3.2	
  kpc	
  
D(R=10km)	
  =	
  30	
  kpc	
  !!!	
  

Therefore,	
  we	
  need	
  carbon	
  model	
  atmospheres!	
  

CCO	
  spectrum	
  (XMM-­‐Newton)	
  

NO	
  PULSATION	
  FOUND	
  
PF  <  8.3% up to  P  >  0.2ms 



Observed	
  CCO	
  spectrum	
  with	
  the	
  best	
  firng	
  model	
  spectra	
  
Observa8on:	
  XMM-­‐Newton,	
  2007,2013	
  	
  ~	
  100	
  ks,	
  PI:	
  Gerd	
  Pühlhofer	
  

€ 

χd .o. f .
2 =1.07

M =1.55 −0.24
+0.28 M

R =12.4 −2.2
+0.9 km

T∞ =1.78 −0.02
+0.04 MK

nH = 2 ± 0.03 1022 cm−2

at	
  d	
  =	
  3.2	
  kpc	
  

!	
  

From Klochkov, SV,+ 2015 



Best	
  fit	
  and	
  contours	
  in	
  M-­‐R	
  plane	
  
Contours	
  correspond	
  to	
  50%,	
  68%,	
  and	
  90%	
  probability	
  

	
  	
  	
  	
  3.5	
  kpc	
  

	
  	
  	
  	
  	
  	
  4.5	
  kpc	
  

From Klochkov, SV,+ 2015 



	
  	
  	
  	
  	
  	
  	
  Cooling	
  of	
  neutron	
  stars	
  
Due to neutrino emission from the core (DUrca & MUrca) 
          Superfluidity (both, p or n) suppress cooling rate  

From Klochkov, SV,+ 2015 

MU – without superfluidity, 
        iron envelope,  
modified URCA 

MUac – without superfluidity, 
carbon envelope ΔM = 10-8 M!,  
modified URCA 

SF – strong proton superfluidity, 
        iron envelope,  
neutron-neutron collisions 

SFac – strong proton superfluidity, 
carbon envelope ΔM = 10-8 M!,  
neutron-neutron collisions 

MNS = 1.5 M! , R = 12 km, APR EOS  



Best	
  fit	
  and	
  contours	
  in	
  M-­‐R	
  plane	
  

For	
  fixed	
  d	
  =	
  3.2	
  kpc	
  

Contours	
  correspond	
  to	
  50%,	
  68%,	
  and	
  90%	
  probability	
  

From Klochkov, SV,+ 2015 



	
  	
  	
  	
  	
  	
  	
  Cooling	
  of	
  neutron	
  stars	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Approxima8ons	
  

€ 

dT
dt

= −l(T) = −
Lν (T)
C(T)

= −qT9
7

€ 

T 9 =
6qt
109K
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
−1/ 6

€ 

q(M,R) = f lpqMU (M,R) + qSF (M,R)
qSF ≈ (0.01− 0.02) qMU

T9=T / 109 K – is redshifted core temperature 

qMU and qSF were computed for some NS models  
and analytical approximations were derived 

Core temperature – surface temperature connection T9 – Tsurf depends on 
 envelope thickness and its chemical composition (taken from Yakovlev + 2011) 



	
  	
  	
  	
  	
  	
  	
  Addi8onal	
  limita8on	
  from	
  cooling	
  	
  
Fixed distance (3.2 kpc) and age (27 kyr) 

From Ofengeim, Kaminker, Klochkov, SV, Yakovlev 2015 

€ 

l(T) =
Lν (T)
C(T)

≈ ( f lpqMU + qSF )T9
7 -  neutrino cooling function, MUrca is 

not completely suppressed (flp > 0)  

Fixed carbon density ρC at the bottom of envelope instead of total envelope mass 



 Conclusions  

The method of model atmospheres is a very powerful 
tool. 

CCO	
  in	
  SNR	
  HESS	
  J1731-­‐347	
  is	
  a	
  twin	
  of	
  Cas	
  A	
  CCO;	
  	
  
their	
  spectra	
  can	
  be	
  interpreted	
  as	
  emiXed	
  from	
  carbon	
  
neutron	
  star	
  	
  atmospheres.	
  	
  

CCO in SNR HESS J1731-347 is too hot for its age.  
This fact can be explained with a significant  
proton superfluidity in the core and a thick carbon 
envelope above the crust.  

                - 



Back	
  to	
  CCO	
  in	
  Cas	
  A	
  

HH10 

2006 
2012 

Difference mainly due to   
         detector degradation  

d	
  =	
  3.4	
  kpc	
  

Contours	
  correspond	
  to	
  68%,	
  90%,	
  and	
  99%	
  probability	
  

C
ou

nt
s 

s-
1  k

eV
-1

 



Back	
  to	
  CCO	
  in	
  Cas	
  A	
  

fixed d free d 
free NH 
fixed NH 

CCO	
  in	
  Cas	
  A	
  	
  is	
  cooling	
  much	
  	
  slower	
  than	
  Heinke	
  &	
  Ho	
  (2010)	
  
(and	
  Elshamouty	
  et	
  al.	
  2013)	
  found.	
  	
  The	
  8me	
  dependence	
  of	
  
	
  temperature	
  is	
  compa8ble	
  	
  with	
  a	
  constant	
  temperature.	
  	
  

201.1 ±1.2 200.1 ±1.3 
201.4 ±1.1 199.7 ±1.1 

Teff  (104 K) 

HH10 

Elshamouty	
  et	
  al.	
  2013 



	
  	
  	
  	
  	
  	
  	
  Grid	
  of	
  pure	
  C	
  model	
  atmospheres	
  
Teff	
  from	
  1	
  to	
  4	
  MK	
  with	
  the	
  step	
  0.05	
  MK	
  (61	
  values)	
  
log	
  g	
  from	
  13.7	
  to	
  14.9	
  with	
  the	
  step	
  0.15	
  (9	
  values)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  alltogether	
  549	
  models	
  

!	
  


