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Neutron stars — main properties and short history

M=14Mg,, R=10km
E, = GM?/R ~5 10> erg
p=7 10" gl/cc

Pressure of degenerate neutrons

First idea — L. Landau (1932)

Neutron stars arise due to
Supernova outbursts
W. Baade, F. Zwicky (1934)

Egy~ 10°%erg ~ E, (NS)

Crab nebula (Chandra)

Discovery of Pulsars - A. Hewish,
Jocelyn Bell (1968)




Supernova (type Il) — finale of a massive star life

Hertzsprung — Russel Diagram

Luminosity

Effective temperature

Massive stars evolve along supergiant branch up to SNII explosion



Supernova (type Il) — finale of a massive star life

Massive star structure before explosion SNII explosion calculations (T. Janka, MPA)

Reason — gravitational collapse of Fe core due to
Photodisintegration and Neutronization

y+°Fe =13« + 4n p+e — n+y,



Stellar remnants — White Dwarfs and Neutron Stars
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Neutron star structure

M ~1.4M, R~10-14 km

ECE in the

core s a

MYSTERY:

soft?

moderate? j p,=2.8x10" g/oc=
~(3-9) o g

stiff ? Pa nuclear density

p=4x10" g/ec=
neutron drip

Main problem — inner core Equation of State (EoS)



M/M,

1.5 R

2.5 R

0.5 |

Z00 of NS inner core EoS

7: BGN2
6: BGN1

5: SLy
4: BBB2

3: FPS
2: BGN1H1 _
1: BPAL12 _

) 10 15
R [km]

Universal low-mass

Special family of curve

low-mass strange stars

Solution — M and R from observations!



Many faces of NS

Radio Pulsars
NSs in X-ray Binaries

|Isolated NSs



How can we find the EOS in NSs ?

1. Find the most massive NSs
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Mass of NSs — from binaries

X—ray binaries
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How can we find the EOS in NSs ?

1. Find the most massive NSs

2. Find the limits on the M/R relation

Influence of GR effects on the NS observed properties

1

Gravitational redshift 1+z= LR IR W2 Tops = Tert 1= Rg /R )2
RN
GM
Lops =L@A-Rs /R )1/2’ g= Rs :ZGM

~ R?(L-Rg /R Y2’ c?

Light bending

- R
(1-Rg /R )2

obs




How can we find the EOS in NSs ?

1. Find the most massive NSs

2. Find the limits on the M/R relation N .
Gravitational redshift L= = (1-Rg /R )2 ~
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How can we find the EOS in NSs ?

1. Find the most massive NSs

2. Find the limits on the M/R relation

1
. . . Z — J—
Gravitational redshift (L—Rs /R )2

Observed color temperature of objects close to the Eddington limit

Eddington limit GM oTe
ggrav:grad - — Y —-kad

Problems: chemical composition (X= mass fraction of hydrogen)
T.=fTggy, f.=1.5+1.9 -hardness factor



M/ M

3.0 —

0.0 b—

25/
20}
1.5]
10|

0.5

Z = const

T =const(L=L

Edd )

8 10 12

R (km)

14

16



How can we find the EOS in NSs ?

1. Find the most massive NSs

2. Find the limits on the M/R relation

Gravitational redshift

1
 (1-Rg/R )2

Observed color temperature of objects close to the Eddington limit

Eddington limit GM oTe
Ograv =9rad = - =

Problems: chemical composition (X= mass fraction of hydrogen)
T, =f.Tgqq, Tfo= 1.5+1.9 -hardness factor

Observed size of isolated NSs .= Toi . Robs

Problems: distance d

T from observed spectrum (chemical composition etc.)



M/ M

3.0

0.0t

25/
20}
1.5]
10|

0.5

Z = const

R =const
obs

T =const(L=L

Edd )

10

R (km)

15




M/ M

obs = cons Edd 7

0 S —
10 15
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In any case it is necessary to model emergent radiation spectra
(spectral energy distribution)



Other possibilities:
minimum NS spln period (Kepler with GR corr.)
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Other possibilities:
NS oscillations during SGR bursts
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It is necessary to model emergent radiation spectra
(spectral energy distributions)

METHQOD - Stellar atmosphere modeling
B GM
R*(1-Rs /R)Y?’

Parameters: Tu, chemical composition

1 dPgas 472'
Hydrostatic equilibrium 0 dz =—g+ C'[ Hv(o'e + kv) dv
Radiation transfer cosd " =1,-3,
or,
Energy conservation Ikv (J, —B,)dv=0

Pgas = Niot KT

Equation of state

Conservation of charges, number of particles



METHQOD - Stellar atmosphere modeling

It is necessary to take into account ~ 25 most abundant chemical elements
and ~ 10* — 108 spectral lines — ~ 30 000 frequencies

Large computer codes

Main results — a model atmosphere and a spectral energy distribution

A

Flux
erg cm2 s Hz (A1, keV)

»
»

Frequency (wavelength, photon energy)
Hz (A, keV)



X-ray Binaries

High Mass Low Mass

CENTAURUS X-3: A HIGH MASS X-RAY BINARY

>>
Young sl\flzstem??lg]op ) Old systems (Pop. Il)
Accretion from wind Secondary overfilled of the Roche lobe
X-ray Pulsars Atoll- and Z-sources, Bursters,
Millisecond X-ray Pulsars



X-ray bursting neutron stars

« X-ray bursting NSs — LMXBs with thermonuclear
explosions at the neutron star surface

« Close to Eddington limit during the burst
« Burst duration ~10 sec, time between bursts ~1 day
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Figure from Pavlinsky et al (2001)



13

o
o
o
)

Counts/cm?/s /A
o
o
o
Y

o
o
o
R

8:888 F—

0.004

=
o
o
e

0.002

Counts/cm?/s/A

0.001

0.000

Gravitational redshift

Cottam et al. 2002, Cottam et. al 2008

- XMM—Newton/RGS

EXO 0748-676 -
Early Burst Phases_

0.35)
0 Vil xy

011-2

||||||11|a !ﬂhlh 1“ J‘“ 1“

iI Il .l |" l|' JI w"" I
f M‘ Ly i T!H'"'L'WI“H

+ G:ﬁ
>8
" & 3 = © Late Burst Phases
| T &~ | > o~ S|
Py w ¥ ¥ @ X 1 -1 N
") = e S > == - m o =
So = = B = el = rﬁ
X0 o o oo S oo s 55 % 5 S
R o z z|z=z s s =
L
[
2 P o o
| |
| |".
|

m”ﬂ ||| N ” m '"'JF

ok 4 o il
i M Fnﬂ |

10 15 20 25 30
Wavelength (A)

Cottam et al. 2002

Tobs

Tobs

Absorption lines in the spectra of EXO 0748-676 during outburst ?

=~ 1.8 keV

< 1.5 keV



Grids of non-LTE NS model atmospheres
(T from 1 to 20 MK, log g = 14.39) with various Fe abundances
(solar, 30%, 99% mass fractions) have been calculated.
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Importance of Compton scattering
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Cottam et al. (2002)
suggested that they
observed this line

|dentification of lines

relative f\<

=— Fe XXIII
O VIl
Fe XXVI
O VIII
Fe XXIV
O VIl
Fe XXIV
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V. = 2400 km/sec 1
TV e ol
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Why FeXXV lines so weak?

Line intensity depends on low energy level number density

~ 6.7 keV

|

FeXXV FeXXIV



I0NS.

ith observati

ISON Wi

Compar

Vi = 2400 km/sec

20 25 30
wavelength / A

15

10

XX 8 =——=s
" AIXX ®d
= AXX®2d
| IAXX @4 ~= |
NAXX 84
- IAXX ®4
| AIXX o4
INXX @4
[~ AlXX 84
1 1
Xn|} aAle|al
| | — LI _ T T “'
0 = 9
© ® 5 @
S £ _ 2
o £ a
e B
™~ & B 3
e —= @ *#Nao
(@ = 2
&S = 5
— (sgo=2) ["1" 9
= 0k A o [P 1A
= 1
—— of AN
z-110 e P
Ax a0 = £ a0
®IAO
== g0 1A N
=
- &
=3 A
= 4
ot 3 1A O
—= 26p3 1A O
—
=T % (ser0=2)
(ss'0=2) = £ R
OH IAXX 23 — = N
.= =
= :
a T
— =
= -
— >
s el TN A
© < o~ an < M o~
o o o oo o (=] o
S S S & ©§ & ¢
(=] (=] (=] oo (=] o o
¥/s/,wd/sunog Y/s/;w3/s1unoy

0.001

0.000

15 20 25 30
Wavelength (A)

10



Conclusions for gravitational redshift

1. The lines have been wrongly identified.
The Fe XXV lines are too weak to be observed.
They have to be Fe XXIV lines. In this case z=0.24
instead of z = 0.35.

2. Predicted relative depth of the absorption
lines (FeXXIV) are too small to be observed.

3. At the moment our knowledge about gravitational
redshift is ambiguous.



By the way ....

Absorption lines in the spectra of EXO 0748-676 during outburst ?
Cottam et al. 2002, Cottam et. al 2008
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Observed color temperature
of objects close to the Eddington limit

Bursters — luminosity near the Eddington limit

(see Lewin et al. 1993, Galloway et al. 2007, ...)
Problems — hardness factor ., chemical composition...

Our Attempt

Boundary Layers between accretion disc and NS in

Low Mass X-ray Binaries
(Suleimanov & Poutanen 2006)



Boundary layer (BL)

Region between an accretion disk and a neutron star

In BL fast rotating (with the Keplerian velocity) accretion disk matter
IS decelerated to the neutron star rotation velocity.

Luminosity of the BL comparable to the accretion disk luminosity

2 .
Ly ~ M =Ty CMas
2 2

Size of BL is smaller than the accretion disk size. Therefore, effective
temperature of BL is larger than the effective temperature of accretion
disk.

Hard black body component in the soft state of LMXB —
a boundary layer spectrum ?



Spectra of Boundary Layers

I T T T ]_ T T T T T T - T ‘
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Figures taken from Gilfanov, Revnivtsev and Molkov (2003). They have
shown that the shape of boundary layer spectra is independent of luminosity.

BL spectra are close to Planck spectrum with a color
temperature 2.4 + 0.1 keV



Theory of Boundary Layers
P BL as a spreading layer (SL)

Picture suggested by
Inogamov & Sunyaev (1999), below IS99

Matter has a significant latitude

velocity component, spreading above
the neutron star surface and decelerating
v due to friction at the neutron star surface
(wind above the sea).

Figures from Inogamov and Sunyaev (1999)
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Kley, 1989 Fisker et al. 2005

Numerical simulations confirm this picture




/ \/A ccretion

Spreading \ disc
layer

NS

Scheme of the spreading layer spectrum calculation
1. For each ring the model along height and emergent spectrum
2. SL are divided into N rings
are calculated
3. Spectra of all rings are summed with all relativistic corrections

L. =47 Ri Y. > n°5,°1_(cos & ,6,)cos a; €os 6, AOAp,
J [



Compton scattering is very important!

If Compton scattering is taken into account, hard photons heat electrons at
the surface up to T>T . This results in an emergent spectrum close to that
of a diluted black body.

Diluted blackbody spectrum

1

F = f4B (fe Tetr )

B,— Planck function
f. — color correction (hardness factor)
T f. T+ - color temperature

~( 1 3 — 1.9) mainly depends on L / L.,
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Spectra of local spreading layer models from previous figure
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Comparison of the observed spectra of the BLs and the model spectra of
the SL. Black circles — GX 340+0 in the normal branch, green circles — 5 Z
and atoll sources in horizontal branch (Suleimanov & Poutanen 2006).



2-5 [ T | T T T T T _,.I: - - _I._ T [ T ;]
[ 7: BalbN2 i o X=0.7 ;]
- 6 HalbN1 ri 8 --_I Irf e
o S as : 7]
2 (b 4 BBBEZ P . X=1 oW
L 3 BalbMNZ2HI1 ""; £ N : N En. i
By ; - : % S
- 2: FPS .h-*:ff o .:- _“_iul ::f: ; r
L 1 BPaLiz ST, 2 L Fod
- 3 /B WO
w ! _-'ﬁ*h .i" : # ,.-'&:-’ {}
Lol ’ : MBS 00
o I . <L T AR & e
- ".'i!‘ .i" v, i ‘? e " b
= - Iy o e NN
o o b =
D i ’ ss/ - NERSH LR AN ol
b et el v %

= - ! < LAY Ry -

1.0 # LA RE L _ wr
[ -
4 .
- [ \ )

=

20

Allowed areas (shaded) for the NS masses and radii, which can have SLs with
color temperatures 2.4 +/- 0.1 keV. Various theoretical mass-radius relations for
neutron and strange stars are shown for comparison. Red dashed curve
corresponds to the NS with apparent radius 16.5 km

(Suleimanov & Poutanen 2000).



Conclusions for Observed
color temperature of Boundary Layers

 Integral spectra of the high luminosity spreading
layers (Lg > 0.2 L,y ) are close to diluted
Planck spectra.

« Radiation spectra of the spreading layers on the
surface of the neutron stars with stiff equations
of state are compatible with the observed
spectra of boundary layers in LMXBs.



Observed size of isolated NSs

2

R?
Fobs = ToABs dogs or Foos (V) = Fineor (V) 57 obs

Problems: | — distance d
a) X-ray transients during quiescence in globular clusters
with known distances
b) nearby isolated NSs - distances from astrometry (parallax)

Il — theoretical spectra  Fyoqr (V)

model atmospheres (!)



X7 (NS in 47 Tuc, Heinke et al 20006)

They used pure hydrogen
model atmospheres.

Rys= 14.5 + 1.7 km
atM=1.4Ms,,

Rys= 14.9 1.5 km
atM=1.4Msg,,

(Suleimanov & Poutanen 2006)

Example

25 -~

Mass, M,

M31

14
Radius, km

18



Isolated NSs have a strong (B = 102 G) magnetic field ?

- Soft Gamma Repeaters (SGR)

« Compact objects in supernova
remnants (CCO)

* Dim isolated neutron stars (DINS)

* Anomalous X-ray Pulsars (AXP)

Ulysses
August 27, 1998

_ Count Rate _

Why strong magnetic field ? " TimoinSaconcs
Coherent pulsation of the radiation

Change of period P in accordance with magneto-dipole radiation
(for isolated NS)

Proton cyclotron line in spectra ( E.,= 0.63 (B/10'* G) keV )



vE, (erg s™! ecm2)

Observational properties of dim isolated neutron stars
(«Magnificent seven» = DINSS)

X-ray and optical flux not explained by a single blackbody spectrum

10_105 T T IIIIIl] T T [IIIIIl T T IIIlIIl IlIIIE
F RX J1856.5-3754 1

: Two blackbody models -
3 nonuniform temperature

distribution ?

10-11

10-12 |
_ Thin plasma layer above

. solid surface?

5 Hard radiation is very close to
_ blackbody

10-13 |~

10714

D =140 +/- 20 pc
Ros> 17 km (Trumper et al. 2005)

10-26

IIIII 1
1018
v (Hz)

10—16

1014 1018

RX J1856.5-3754
Excellently fitted by blackbody in X-ray!



Counts s~ keV™!

Absorption features in the spectra — proton cyclotron lines ?

[
<

Observational properties of dim isolated neutron stars

Photons s em™ keV™

o
<
Ll

107° P W BN

0.1 1
Energy (keV)

Xp—- I =1,
1 PSS SR S T | s L L 1 Y L
6 ‘{ TR g LS T
3 L
+ |
3Pty || o
0.5 1 4
Energy (keV) Energy (keV)

1E 1210-5226 (CCO in the supernova remnant)
0.7 and 1.4 keV
Proton cyclotron line and harmonic ?
B from line doesn’t agree to B from Pdot

Blends of the spectral lines of the highly charged ions in the strong
magnetic field?



Problem:
Modeling the magnetized
neutron star atmospheres



Radiation transfer in a plasma with a strong magnetic field

Plasma in a strong magnetic field acts

like quartz crystal: birefringence!

It is necessary to consider Ng

(&]

TWO modes of radiation En

3

n,z ©

B | 0-mode
X - mode

K _ 5

-3‘ | O - mode Ng

k X - mode %

S

X @)

y

2 10'7 I 1 \ 1 \ 1 \ 1 \ 1
— E oo %, 0 20 40 60 80

(E - ECe )2 | 0 (degree)
Opacity: Strong angular dependence



Radiation transfer in a plasma with a strong magnetic field

Opacity
Proton cyclotron line
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Models of magnetized NS atmospheres

Magnetized model atmospheres:

have two photospheres corresponding

to fluxes in two modes

radiation is formed in deeper layers in
comparison with atmosphere without

magnetic field

flux in the X-mode is dominating

radiation is strongly polarized

=
Q
N

2
H. (erg/cm”/s/keV)
o, o,

column density (g/cm2 )

10* 10% 10° 10* 10°



Models of magnetized NS atmospheres

' ' L

<~ 107k 3
= 0 s :
Q - ]
' i 4
‘Tw o _ -
g 10 7 —— B=0G E
o I vacuum i
2 ol polarization 1
w 107 no vacuum E
L : polarization ]

N N r 3 1 a1 N N p 2 \1 a9l

0.1 1 10

Energy (keV)

Vacuum polarization suppresses the proton cyclotron line, if the resonance
layers are close to X-mode photosphere (B > 104G )



Models of magnetized NS atmospheres

Thin atmosphere above solid surface

19
Used to explain the relation _ 107 g
. - 18 [
between optical and X-ray fluxes > 107
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Flux, erg cm? s keV'

Models of magnetized NS atmospheres
Thin atmosphere above solid surface

10" T =10"K -
r eft ]

semi-infinity
slab 100 g cm™
slab1 gcm”
blackbody

Photon energy, keV

Proton cyclotron line can be depressed if the atmosphere is thin



2 -1 -1
Flux,ergcm™s keV

Models of magnetized NS atmospheres
Thin atmosphere above solid surface

slab 100 g cm”, pure H
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Hydrogen slab above helium slab can explain two absorption features




Unresolved problems

Partially ionized atmospheres (especially with heavy elements)
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Problem resolved for partially ionized hydrogen atmosphere only



Conclusion for observed size
of isolated NSs

Necessary to perform a lot of theoretical
work with magnetized NS atmospheres
before the confidence results will be obtained



Common Conclusion

It seems that NS inner core has a stiff EoS



X7

R=14.5 +/-
1.7 Km

(1.4 M_sun)

Mass, M,

Our
Result
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Contours at 68% (dotted curves), 90% (dashed curves), and 99% (long-dashed
curves) confidence in the mass-radius plane derived for X7 (NS in 47 Tuc) by
spectral fitting (Heinke et al. 06). Allowed area from our model and limitations from
the apparent radius of RX J1856 and from the rotation period of B1937 are added.



Absorption in spectral lines

Kiine™ Niow 9% N

ine ine ’ Low

~ Nlon exp('EL /kT)

ow

Neoxxv > Neexoay BUT:

for FeXXV10.5 A E, ,~ 7 keV

for FeXXIV 10.6-11.2 A E, .~ 0 keV

kT ~ 1 keV => N, (FeXXV) << N, , (FeXXIV)



