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Typical multiwavelength spectrum of an isolated newtrstar
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Multiwavelength spectrum of the Vela pulsar
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Absorption features in spectra of isolated neutron stars

Examples for XDINSs
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Neutron star structure
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Neutron star without atmosphere: possible resudt pihase transition
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Characteristic values of the magnetic field

Strong magnetic fiel®:

E.~how,= heBmc=115.77/B,;keV > 1 a.u. = 0.02721 keV
B>maced 73 =2.35x 10° G
Superstrong field

Ece> M2
B>mecdeh =4.4x 133G

Strongly quantizing magnetic field
p<pg=m Ng AIZ=~22x 1P B*?(A/Z) gcnt®
T<<Tg=hw,l ks~ 1.3x 1 B; K

Quantizing magnetic field for ions

E, = hw, = 0.06351B,, keV,
E./ks = 7.37 x 16 (Z/A) B, K



Atmospheres: general

Standard methods — D.Mihalas (19 &egllar 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, ceasgions)

* lonization and dissociation equilibrium

* Thermodynamic quantities

» Treatment of plasma effects (line broadening, preswnization, etc.)
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Flux (erg em=2 s-1 keV-1)
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Bound species in a strong magnetic field

The effects of a strong magnetic field on the atamd molecules.

a—c: H atom in the ground stata: B<<1(® G, b: B~10°G, c: B~102G).
d: The field stabilizes the molecular chains; (sishown).

e: H atom moving across the field becomes decentered



non-moving atom moving atom

ground state excited stateri = —5) + motion

KJ_: 40 “\m\\‘\ “" K_,_: \ “
o l‘. b I,
; i i
i s, ‘)‘b ';t;";}' i 5‘ “W;"z‘
) M‘,?\ | ( { {l""'-, /ffl'{,',_ "!"f 1{"!
fiinl m il it ,! j!N';..
A e
NG ‘;;fﬂ{;r,?i;?l;'a;i;:;{f:fg@c}f’ﬁ@i\\‘_ o j ﬂﬁ;?lﬂﬂf;'q‘z"%{fﬁ'lﬂ’f:{’!:{'c,"""
i flf’\\}'0”"&0;";0;‘\3\\:\\\\\\ 3 o~ i }”ﬂ f" ",’o;;j‘,':,,’ff,"ll"fr,
o7 f%t;'{"’l’?:i':':’:’:,::tzg\\‘mmﬁ{h. jﬂyg{gy{;@?ﬁg:,:&: :',{':
> : L)
N ey S G -
L0 TR S S ~ o7 B
- (< OQ oy < oo ©° o
© ™ A + o )
3= X =hd
S / s < O
K = 100

,\\\"Ii‘.;_"’"i'l"i':[_'," (C)

i

PR ”

[
o

i
i)

ity ’.'f‘,{”l,""’
9y

Square moduli of a non-moving and moving H atorB#2.3510'" G, in the field-perpendicular plane.



Bound-bound transitions of H atom in strong magnetic field
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Bound-bound transitions in strong magnetic field
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Bound-free transitions of H atom in strong magnetic field
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Bound-free transitions of H atom in strong magnetic field
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Bound-free transitions of H atom in strong magnetic field
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Bound-free transitions of H atom in strong magnetic field
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Bound-free transitions of H atom in strong magnetic field
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Bound-free transitions of H atom in strong magnetic field
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log p (g cm™%)

log p (g/em™3)

lonization equilibrium in magnetized neutron stameelopes
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Plasma absorption and polarizabilities in strong igpaetic fields:
The effects of nonideality and partial ionization imagnetized hydrogen plasma
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Opacities for normal modes
The effects of nonideality and partial ionization
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Result: the spectrum
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Calculation of the observed spectrum requires an accooithe T and B
distribution over the surface, redshift, and ray bending

Result of modelling: spectra (dipole model)
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Bound-free transitions of He atom in strong magnetielu

Medin, Lai, & AYP (2008)MNRAS383, 161
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lonization equilibrium in magnetized neutron star enveleg
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Atmosphere models for heavier elements
Mori & Ho (2007)MNRAS377, 905
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F, (ergs s! em2 A1)

“Thin atmospheres”

= condensed surface covered by an atmosphere, gbrtaither is negligible
Idea by Motch, Zavlin, & Haberl (2003);
realized by Wynn Ho (2004 — 2007) and by ValeryiSrov (2008 — 2012), with coauthors
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Thin atmospheres:
Improved treatment of the condensed surface
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Link of the theory with observations
Case of RX J1856.4-3754

Ho et al (2007)MNRAS 375 821
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Theory vs. observations
Case of RX J1856.4-3754
W.C.G.Hoet al (2007)MNRAS 375, 821
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normalized counts sec ke

Theory vs. observations
Case of 1E 1207.4-5209

Data and best fit continuum model
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[Figure: Bignamiet al (2004)Mem.S.A.It75, 448]
hwe = heB/mc = 11.577 By keV

hw = hZeB/mijc = 6.35(Z/A)B1s eV
max(To, Ew)/me” ~ 1077

Mori, Chonko, & Hailey (2005ApJ631, 1082:
only 2 features are real.
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Theory vs. observations
Case of 1E 1207.4-5209

Data and best fit continuum model
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hwe = heB/mc = 11.577 By keV
hw = hZeB/mijc = 6.35(Z/A)B1s eV
max(To, Ew)/me” ~ 1077

Pavlov & Shibanov (1978vA22, 214;
Zaneet al.(2001)ApJ560, 384
electron or proton (ion) free-free

cyclotron harmonics?
Electroncyclotron— B = 8x10'° G.

Suleimanov, Pavlov, & Werner (2010)
ApJ714 630
(“quantum” cyclotron harmonics)
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hwe = heB/mc = 11.577 By keV
hw = hZeB/mijc = 6.35(Z/A)B1s eV
max(To, Ew)/me” ~ 1077

Pavlov & Shibanov (1978vA22, 214;
Zaneet al.(2001)ApJ560, 384
electron or proton (ion) free-free

cyclotron harmonics?
Electroncyclotron— B = 8x10'° G.

Suleimanov, Pavlov, & Werner (2010)
ApJ714 630
(“quantum” cyclotron harmonics)

Halpern & Gotthelf (2011ApJ733 L28:
B~2.4x10'" G 0r9.9x10'° G (1)



Absence of ion cyclotron harmoniada spectra of isolated neutron stars
AYP (2010)Aston. Astrophy$18 A24
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Theory vs. observations

Case of RBS 1223
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Challenges fronsuperstrongfields

Surface layers: molecules, chains, and magnetic densation
Nonperturbative finite-mass effects for bound species
Radiative transfer: vacuum polarization and mode cension
Energy transport below the plasma frequency

Condensed surface: uncertainty at< o
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Conclusions

> Models of neutron-star thermal spectra with accafistrong
magnetic fieldspartial ionization, andmagnetic condensatioare
becoming practical for interpretation of observasio

> For chemical elements other than Hnagnetic atmosphere
opacities are known at crude approximations and ha¢her studies
» Superstrongmagnetic fields (1) induce new effects which care&ad

themselves in the spectra ai2d lead to theoretical uncertainties,
which require further studies.




