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Plan:

. Introduction

. Fully ionized magnetic atmospheres

. Partially ionized magnetic H atmospheres
. Radiation from condensed surface

Integral spectra, thin and layered atmospheres

. Heavier-element magnetic atmospheres

Challenges from superstrong fields

. Link with observations. Cyclotron harmonics & the case of 1E 1207.4-52009.



Typical multiwavelength spectrum of an isolated neutron star
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Multiwavelength spectrum of the Vela pulsar
G.G.Pavlov, V.E.Zavlin, & D.Sanwal (2002) in Neutron Stars, Pulsars, and Supernova Remnants,
ed. W.Becker, H.Lesch, & J.Triimper, MPE Report 278, 273
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Absorption lines in spectra of thermally emitting neutron stars
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D.Sanwal et al. (2002);
S.Mereghetti et al. (2002);
G.Bignami et al. (2003):

2 (3? 4?) lines in 1E1207.4-5209.

[Figure from Bignami et al. (2004)
Mem.S.A.It. 75, 448]
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Absorption lines in spectra of thermally emitting neutron stars
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XDINS — X-ray dim isolated neutron star



XDINS — X-ray dim isolated neutron star



XDINS — X-ray dim isolated neutron star

Magnificent Seven



XDINS — X-ray dim isolated neutron star

Magnificent Seven



XDINS — X-ray dim isolated neutron star
Magnificent Seven

NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)



XDINS — X-ray dim isolated neutron star
Magnificent Seven

NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)



XDINS — X-ray dim isolated neutron star
Magnificent Seven

NTEINS — nearby isolated neutron star (David Kaplan)



XDINS — X-ray dim isolated neutron star
Magnificent Seven
NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)

RQINS - radio quiet isolated neutron star



XDINS — X-ray dim isolated neutron star
Magnificent Seven
NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)

INS — isolated neutron star



XDINS — X-ray dim isolated neutron star

Magnificent Seven

NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)
RQINS - radio quiet isolated neutron star

INS — isolated neutron star (Vicky Kaspi)



XDINS — X-ray dim isolated neutron star

Magnificent Seven

NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)
RQINS - radio quiet isolated neutron star

NS — neutron star (Vicky Kaspi)



XDINS — X-ray dim isolated neutron star

Magnificent Seven

NTEINS — nearby thermally emitting isolated neutron star (David Kaplan)

RQINS - radio quiet isolated neutron star

INS — isolated neutron star (Vicky Kaspi)

HMTERQINS - highly magnetized thermally emitting radio quiet isolated neutron star
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Absorption lines in spectra of isolated neutron stars
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Neutron star structure
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Neutron star without atmosphere: possible result of a phase transition
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Characteristic values of the magnetic field

* Strong magnetic field B :

hw. = heB/m,c > 1 a.u.
B>m/jce’/ h*=2.35x10°G
* Superstrong field :
how > m, ¢
B>m/jc/eh =4.4x108G

* Strongly quantizing magnetic field :

P < P g = MionllB <A>/</Z>=~7 x 103 8123/2 (<A>/<Z>) g cm3

T << TB — h&)c/kB ~ 1.3 x108 B12 K



Equation of state of magnetic neutron star envelopes
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[Haensel et al., Neutron Stars. 1. Equation of State and Structure (Springer, New York, 2007), Chap.4, + refs. therein]



Thermal conductivities in a strongly magnetized envelope
http://www.ioffe.ru/astro/conduct/
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Ventura & Potekhin (2001), in The Neutron Star — Black Hole Connection, ed. Kouveliotou et al. (Dordrecht: Kluwer) 393

Summary and update: Cassisi, Potekhin, Pietrinferni, Catelan, & Salaris (2007) Astrophys.J. 661, 1094
[+ references!]

Heat conduction by ions: Chugunov & Haensel (2009) MNRAS 381, 1143
Heat conduction by neutrons: Aguilera et al. (2009) Phys. Rev. Lett. 102, 091109

Electron conduction at very low temperatures: Chugunov (2011), to be published



Temperature profiles
in envelopes of neutron stars with strong magnetic fields
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Temperature drops in magnetized envelopes of neutron stars
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Atmospheres: general

Standard methods — D.Mihalas (1978) Stellar Atmospheres

General algorithm - solution of coupled equations:
* Hydrostatic equilibrium

* Energy balance

* Radiative transfer
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Atmospheres: general

Standard methods — D.Mihalas (1978) Stellar Atmospheres

General algorithm - solution of coupled equations:
* Hydrostatic equilibrium

* Energy balance

* Radiative transfer

Basic ingredients:
* Equation of state
* Radiative opacities

This generally requires:

* Atomic and molecular data (binding energies, cross sections)

* Jonization and dissociation equilibrium

* Thermodynamic quantities

* Treatment of plasma effects (line broadening, pressure ionization, etc.)



Fully ionized neutron star atmospheres
with strong magnetic fields
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Fully ionized neutron star atmospheres

with strong magnetic fields
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Bound species in a strong magnetic field
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d: The field stabilizes the molecular chains (H, is shown).

e: H atom moving across the field becomes decentered.



transition energy, E (eV)

Bound species in a strong magnetic field
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Main transition energies of the hydrogen atom

in a magnetic field
[Potekhin & Chabrier (2004) ApJ, 600, 317]
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Ionization equilibrium and the equation of state of hydrogen in strong magnetic

fields: the effects of nonideality and partial ionization
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Bound-bound transitions in strong magnetic field
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Bound-free transitions in strong magnetic field

III 1 IIIIIIII I | L
S N K,=20au. ]
e °r
g 4r
X, -
© 3
0 !
)]
m 2
) "
5o1r
g of
_1_
-III 1 IIIIIIII | I‘I‘Ih'r‘-.JII
10 100
photon energy (Ry)
I 1 IIIIIIII 1 IIIIIIII
0.1 1 10 keV

Photoionization cross sections for the ground-state H atom at B=2.35x102 G

[Potekhin & Pavlov (1997) Astrophys. J. 483, 414]



Bound-free transitions in strong magnetic field
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Bound-free transitions in strong magnetic field
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Bound-free transitions in strong magnetic field
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Bound-free transitions in strong magnetic field
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Bound-free transitions in strong magnetic field
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log opacity (em?/g)

Plasma absorption and polarizabilities in strong magnetic fields:

The effects of nonidealitv and partial ionization
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Spectral opacities for 3 basic polarizations.
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[Potekhin & Chabrier (2003) ApJ 585, 955] /

To the right: top panel — basic components of the
absorption coefficients; middle and bottom —

components of the polarizability tensor
[Potekhin, Lai, Chabrier, & Ho (2004) ApJ 612, 1034]
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Opacities for normal modes in a strongly magnetized plasma:

The effects of nonideality and partial ionization
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Opacities for two normal modes of electromagnetic radiation in models of an ideal fully
ionized (dash-dot) and nonideal partially ionized (solid lines) plasma

at the magnetic field strength B=3x10'3 G, density 1 g/cc, and temperature 3.16x10° K.

The 2 panels correspond to 2 different angles of propagation with respect to the magnetic field lines.
An upper/lower curve of each type is for the extraordinary/ordinary polarization mode, respectively
[Potekhin, Lai, Chabrier, & Ho (2004) ApJ 612, 1034]



Resu It: the Spectrum Potekhin, Lai, Chabrier, Ho,
& van Adelsberg (2006)

J.Phys.A: Math. Gen 39, 4453
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The effect of the atmosphere and its partial ionization on the spectrum of thermal
radiation of a neutron star with B=10"3 G, T= 10° K

(the field is normal to the surface, the radiation flux is angle-averaged)



to observer

X

Parameters: Ty, B, g, 6, @, 0,

for 0 < m (25 < 0.54)

Pavlov & Zavlin (2000): /‘U dr
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a = u(l+ z,)sinfy u

Ty
R
1 — cos 8,

Beloborodov (2002): 1 — cosf =

l—u



ipole model

spectra, d
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Result of modelling
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. . Ho, Potekhin, & Chabrier
Result of modelling: spectra, dipole model (2008) ApJS 178, 102
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Spectral features are smoothed by surface field distribution.
XSPEC: NSMAX - http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/models/nsmax.html



Radiation from condensed surface
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Dimensionless emissivity of iron surface as function of photon energy at B=10% G.

Method of M. van Adelsberg, D. Lai, et al. (2005) ApJ 628, 902; improved in 2011.
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Dimensionless emissivity of iron surface as function of photon energy at B=10% G.

Method of M. van Adelsberg, D. Lai, et al. (2005) ApJ 628, 9502; improved in 2011. Numerical results and fit.
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Radiation from condensed surface
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Monochromatic flux from the condensed surface in various cases
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“Thin atmospheres”
= condensed surface covered by an atmosphere, so that neither is negligible
Idea by Motch, Zavlin, & Haberl (2003);
realized by Wynn Ho (2004 — 2007) and by Valery Suleimanov (2008 — 2011) with coauthors

IG:T

E_ optical N-rav  optical H—rar
Qe : B=1012 G
107 -
104 i § : -
- fihin: oplically thick
B e e |
10 || €——i—> -
1Q°® blackbody (T-7x10% K) Y
—Ecundensed iron (T=7x105 K, 8=15"
1 --------%--ﬂﬂndanscd iron (T=7x10% K, 8=65")
10
10‘ 1 E 1 1 11 1 1 | | 1 1 1 1 11
10 10# 104 104

A (A)



Thin and layered atmospheres
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[V.Suleimanov, A.Y.Potekhin, K.Werner, A&A 500, 891 (2009)]



Thin atmospheres: approximate formulae
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Atmosphere models for heavier elements
K.Mori, C.Hailey (2006) ApJ 648, 1139
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Atmosphere models for heavier elements
K.Mori & W.C.G.Ho (2007) MNRAS 377, 905
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Energy [keV]

Helium ion moving in a strong magnetic field

G.G.Pavlov & V.G.Bezchastnov (2005) ApJ 635, L61
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Helium atom: photoionization
Z.Medin, D.Lai, A.Y.Potekhin (2008) MNRAS 383, 161
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Challenges from superstrong fields

Mechanical structure: field affects EOS

Thermal structure: field affects luminosity

Non-isotropic heat transport in the inner crust

Surface layers: molecules, chains, and magnetic condensation
Nonperturbative finite-mass effects for bound species
Radiative transfer: vacuum polarization and mode conversion

Energy transport below the plasma frequency



Energy transport below the plasma frequency
can be especially important for superstrong fields
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Link of the theory with observations
Case of RX J1856.4-3754

W.C.G.Ho et al. (2007) MNRAS, 375, 821
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Observed Flux [ergs/em?/s/ keV]
Ratio

Emitted Flux [ergs/cm?®/s//kev]

Link of the theory with observations
Case of 1E 1207.4-5209
Atmosphere models for heavier elements
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Case of 1E 1207.4-5209

Caza and best it cont'naum —odzl

Enarcy <V

[Figure: Bignami ez al. (2004) Mem.S.A.It. 75, 448]
hwe = heB/me = 11.577 By keV

fiiwg = hZeB /mijc =6.35(Z/A)Bs ¢V
max (T, Eu) /me” ~ 1077

K.Mori, J.C.Chonko, C.J.Hailey
(2005): only 2 features are real.
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Case of 1E 1207.4-5209

Caza and best it cont'naum —odzl
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G.G.Pavlov & Yu.A.Shibanov (1978);
S.Zane, R.Turolla, A. Treves (2001):
electron or proton (ion) free-free cyclotron
harmonics?

Electron cyclotron — B = 8x10" G.

V.FE.Suleimanov, G.G.Pavlov, K.Werner
(2010) ApJ 714, 630 (“quantum” cyclotron
harmonics)



LIRS I EXR ST P ) LYW

marr-w =l

10 <

Z20 10

20

o

.01

Case of 1E 1207.4-5209
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G.G.Pavlov & Yu.A.Shibanov (1978);
S.Zane, R.Turolla, A. Treves (2001):
electron or proton (ion) free-free cyclotron
harmonics?

Electron cyclotron — B = 8x10" G.

V.FE.Suleimanov, G.G.Pavlov, K.Werner
(2010) ApJ 714, 630 (free-free cyclotron
harmonics)

J.P.Halpern & E.V.Gotthelf (2011)
ApJ 733, 1L.28: B~2.4x10' G or
9.9x10 G (!)



Cyclotron harmonics in spectra of isolated neutron stars
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Cyclotron harmonics in spectra of isolated neutron stars

M/m=o®

M /m=1836.1

V.F.Suleimanov, G.G.Pavlov, K.Werner (2010) ApJ 714, 630:

approximate treatment of proton recoil
(following G.G.Pavlov & A.N.Panov, 1976, Sov. Phys. JETP 44, 300)



Cyclotron harmonics in spectra of isolated neutron stars
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Accurate treatment of the proton-lepton-photon system in quantizing magnetic fields
[Potekhin & Chabrier (2003) ApJ 585, 955; Potekhin (2010) A&A 518, A24]



Cyclotron harmonics in spectra of isolated neutron stars
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Accurate treatment of the proton-lepton-photon system in quantizing magnetic fields
[Potekhin & Chabrier (2003) ApJ 585, 955; Potekhin (2010) A&A 518, A24]
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Absence of ion cyclotron harmonics in spectra of isolated neutron stars

A.Y .Potekhin “Cyclotron harmonics in opacities of isolated neutron star atmospheres” Aston. Astrophys. 518, A24 (2010)
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Coulomb logarithm in the cross section of the free-free
photoabsorption in a H plasma with a strong magnetic field
as a function of the ratio of photon frequency w to the
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fixed scattering potential Isuitable for electron cyclotron
harmonics)Solid line — an accurate calculation. Dash-
dotted line — neglecting Landau quantization for protons.
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The features caused by incomplete ionization (atomic
resonances) are much stronger than proton cyclotron
harmonics.



Conclusions

> Practical models of the EOS and opacities of strongly
magnetized plasmas, applicable to neutron stars, are developed and
applied to modeling thermal structure of neutron-star envelopes
and spectra of neutron star thermal radiation.

> Models of neutron-star thermal spectra with account of strong
magnetic fields, partial ionization, and magnetic condensation
are becoming practical for interpretation of observations.

> For chemical elements other than H, magnetic atmosphere
opacities are known at crude approximations and require further
study.

> Superstrong magnetic fields (1) induce new effects which can
reveal themselves in the spectra and (2) lead to theoretical
uncertainties, which require further studies.
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