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1. Introduction

One of the first expectations of neutron-star astrophysitisa possibility to detect thermal ra-
diation from their hot surfaces, whose temperailire 10° K implies the maximum of the thermal
spectrum in the range of hundreds eV [1, 2]. However, thedisstovered X-ray sources beyond
the Solar system [3-5] appeared to be unrelated with thearestar radiation [5]. After Sco
X-1, the first discovered cosmic X-ray source [3], had alsernbeetected in the optical band [6],
Shklovsky [7] argued that its X-ray radiation originatedrfr the accretion of matter onto a neutron
star from its companion. This conjecture was initially tefii[8], but later proved to be true [9].
However, the first detection of thermal radiation from thefaceof isolated neutron stars (INSs)
[10, 11] had to wait the launch of focusing X-ray telescop@sstein(1978—-1981) andEXOSAT
(1983-1986), which allowed for a dramatic increase in siwitgito faint point X-ray sources. The
next significant advance was due to tROSATX-ray observatory (1990-1998), which was the
first to reliably identify spectra of the thermal radiationrh several pulsars [12, 13]. In the 21st
century, the data collected by the new generation X-rayrwbsgiesChandraand XMM-Newton
give a further impetus to the studies of thermal radiationeaftron stars.

One of the main challenges in the analysis of the neutronsgtactra is to disentangle dif-
ferent emission components, overlapping in the X-ray gneagge. After discriminating thermal
emission, a detailed study of the thermal spectra can ymrdiqus information about the neutron
star surface composition and temperature and magneticdigtidbutions, the properties of dense
magnetized plasmas in their envelopes and atmospheresyantlially constraint the equation of
state (EOS) of the ultradense matter in the neutron stascore

The number of known neutron stars with an unambiguouslytifies thermal component in
the spectrum is not large, but it steadily increases. Sontleeoh can be understood with models
of non-magnetic atmospheres, whereas others are believieel €ndowed with strong magnetic
fields. The non-magnetic neutron-star atmospheres havedbedied in many works (see Sect. 2.3
for magnetic model spectra). For the atmospheres compdskydoogen, databases of model
spectra have been published (modesaGRAV [14], NSSPEC[15], and NSATMOS [16] in the
databaseXSPEC[17]), and a computer code for their calculation has beesassd [18]. Model
spectra were also calculated for different chemical coritipos [15, 16, 19—22] and mixtures
[15, 20]. Databases of model spectra have been publishetidatmospheres composed of iron
and of the solar mixture of elementsgspPeC[15]), of helium (Nsx [21]), and of carbonNsx [21]
andCARBATM [22]). Examples of thermal spectra successfully integatetith the non-magnetic
atmosphere models include bursters, soft X-ray transientgiiescence, some central compact
objects (CCOs) in supernova remnants, and some millisepalsars (see the table in the review
[23]). Measuring the basic parameters of neutron stargusdel non-magnetic atmospheres has
been also recently reviewed in [24].

Here, however, we will focus exclusively on models of thdserinal spectra of the INSs that
are significantly affected by strong magnetic fields (seg {@8more detailed discussion). The
paper is organized as follows. In Sect. 2 we overview therthebpartially ionized neutron star
atmospheres with strong magnetic fields. In Sect. 3 we desthie model of a condensed radi-
ating surface and hybrid models of a condensed surface exb\mr a thin atmosphere. Section 4
is devoted to the polarization of the neutron star thermdiateon that may be measured in fu-
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ture. Available examples of successful applications otlieery to observations are overviewed in
Sect. 5, and conclusions are given in Sect. 6.

2. Theory of strongly magnetized neutron-star atmospheres

We call an atmosphere strongly magnetized, if the magnetatBistrongly (non-perturbatively)
affects its opacities and radiative transfer for thermadtphs. This is the case if the electron cy-
clotron energyhw, ~ 11.577B;, keV is greater than either the photon enerdiasor the atomic
binding energies, or both. Hera is the photon angular frequenay. = eB/meC is the electron
cyclotron frequencyme and —e are the electron mass and chargas the speed of light, and
B1» = B/(10% G). These two conditions imply

MeC
he

e
keT ~10°Ts G, B>By= nﬁﬁz — 2.3505x 10° G, (2.1)

BZ
whereTs = T/10° K. The quantityBg in Eq. (2.1) determines the atomic magnetic-field parameter
y = B/By. It is also convenient to define the relativistic magnetdefiparameteb = hay, /mec? =
Bi12/44.14. We call magnetic field superstrondif> 1. In this case the specific effects of Quantum
Electrodynamics (QED) become quite important. The supmrgtfields are believed to exist at the
surfaces of magnetars and hiBhpulsars (see the reviews [25-27]).

2.1 Radiative transfer in normal modes

As has been demonstrated in [28], at typical conditions utno@ star photospheres one can
describe radiative transfer in terms of specific intensitétwo normal polarization modes [29].
This is true if the magnetic field is strong andlies outside narrow frequency ranges near reso-
nances and above the electron plasma frequepgy-= (4ne2ne/me) Y 2, wherene is the electron
number density. The normal modes, called extraordinaryn@tie, denoted by subscript or super-
script j = 1 or X) and ordinary (O-modej, = 2 or O), have different polarization vectoes and
different absorption and scattering coefficients, whichate on the anglécg between the wave
vectork and the magnetic fielB. The radiative transfer equations for the two normal modesi r
[30]
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wherel,, ; denotes the specific intensity of the polarization m@ger unit circular frequency (if
I, is the specific intensity per unit frequency, tHegn=1, /(2m) [31]), k is the unit vector along the
wave vectok,

BT = 775 (&enteT —1) (2.3)

is the specific intensity of non-polarized blackbody radiat

2 .
sp,j(K) = %2,7j(k)+ Z /(4 %cSuJ/j(k/,k)ko' (2.4)
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is the total opacityzg‘,’ J- and%; i (R’, R) are its comporlentsAdue to, respectively, the true absarptio
and the scattering that changes the ray direction fkéno k and may also change the polariza-
tion from j’ to j, dQy = sin6cd6d¢y is a solid angle elemené is the angle betweek and the
normal to the surface, and@y is the angle in the surface plane. Finalfys = |~ (1+zg) p(r)dr
is the column density, where the factor-Jy = (1 — xg)‘l/2 is the scale change due to the grav-
ity according to the General Relativity (GRy; is the gravitational redshiftyg = 2GM/c?R ~
(M/Mg) (2.95 knyR) is the compactness parameter of the star with rvbssid radiusk, andG
is the gravitational constant (for a typical neutron s¢alies between 1/5 and 1/2). The radiative
transfer equations should be supplemented with the hyatiosind energy balance equations (see
[32)).

The major axis of the polarization ellipse is transversB for the X-mode and coplanar with
B for the O-mode. Since the magnetic field hampers electromomaot the transverse direction, it
also suppresses the damping of the X-wave by the electromlsngithe opacities of the X-mode
strongly reduced, ita. > w. The dependence of the opacitiesioandk’ is also affected byB.
Therefore, the emission of a magnetized atmosphere depentie angle®y, ¢«, and the angle
6.8 betweerB andn, unlike in the non-magnetic case where it depends onl§koim practice, one
usually neglects the dependence of scattering on the aeguebri? andk’, in which case (called
the approximation of isotropic scatteringz)’j/j (R’, R) depends only on the anglégs and 6,4 that
the wave vectork andk’ make withB.

The polarization vectors of normal modgs; are determined by the complex dielectric tensor
&(w) and magnetic permeability tensor. The latter can be set &gtiee unit tensot for a gaseous
plasma (see [29]). In the Cartesian system with unit ve@gys such thag; is directed alongs,

g g, O
eE=Il+4nx=\| —ie, €. 0 |, (2.5)
0 0 EH

wherex = x4+ ix” is the complex polarizability tensor of plasmy,! andx” are its Hermitian

and anti-Hermitian parts, respectively. The anti-Heranitpartx” (w) is determined by the ab-
sorption opacities, and the Hermitian pgft(w) can be obtained frony” (w) using the Kramers-
Kronig relation [33, 34].

In strong magnetic fields, specific QED effects called pe&ion and magnetization of vac-
uum can be important (see, e.g., [35]). B 10, the vacuum polarization is weak. Then the
total dielectric tensor i€ = | + 4mx (w) + 4rx V2%, where the vacuum polarizability tensga°
does not depend om. In the Cartesian coordinate system wighalongB, the tensors of vacuum
polarizability x¥2¢ and permeability become diagonal, with the coefficientemeined by only
three numbers, called vacuum polarizability and magriizecoefficients. These coefficients
were obtained in [36] ab < 1 and in [37] atb > 1. At arbitraryb, they were calculated in [38]
and fitted by simple analytic functions in [34]. Convenierpeessions of the components &f
through the components gf(w) and the vacuum polarization and magnetization coefficieave
been presented in [39].

In the approximation of isotropic scattering, at a givergérency w, the opacities can be



Magnetized atmospheres of neutron stars Alexander Y. Potekhin

written in the form (e.g., [30])

1
A= 3 lealal . 5= 3 (o) 2 [ lera(B)Psinbadd (26
wherea = 0,+1, andog® are the absorption and scattering cross-sections for the basic cyclic
polarizations withey = e, ande.; = (e =+ iey)/\/é. The absorption cross-sections include con-
tributions of photon interaction with free electrons orsan the plasma environment (free-free
transitions) as well as with bound states of atoms and ioogn@-bound and bound-free transi-
tions).

At large optical depthry, = [ S (r') dycoi(r), where xS is the effective opacity defined
below, radiation is almost isotropic: the magnitude of tliftusive radiative fluxF j is much
smaller than the mean intensily, j, where

- lo.i (K) dQy, F-:/ 1o (K) K dQy. 27
w,J 4 / wJ k W, j (4 OJ.J( ) k ( )

In this case an approximate solution to (2.2) is providedheydiffusion approximation [30]:

“ 3 ~ d d BT
lwi(K)~Jwi+-—Fupij 'k, —Dgy Jo, J : oy [Jwi — Jwsz il
w,j(K) w71+4n @i e 7de N = ] {wJ ]Jr%w[ w,j = Jw3- ]
(2.8)
Here, the average absorption and scattering opacities are
;a-:i/ N o dQ/ dQy 4, 1,(K' k) 2.9)
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and the diffusion coefficient is
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The effective opacity for non-polarized radiations#§T = 2/(3D,1 + 3D ). The diffusion ap-
proximation (2.8) serves as a starting point to an iteratinethod [40], which allows one to solve
the system (2.2) more accurately.

To solve the radiative transfer equations, one must knovdépendencies of the temperature
and densities of atoms, ions, and electrons on the depthseTdependencies can be found from
the equations of thermal, hydrostatic, and ionization ldguum supplemented with the EOS. In
the plane-parallel limit, the condition of radiative thexdnequilibrium requires the outward flux

F _/ dw/ lo.i(K) cOSBAQ 211
ph an) Z wj 6k k ( )

to remain constant throughout the atmosphere. In the appation of isotropic scattering, the
equations of hydrostatic balance are (cf. [32])

dpP
d)’col

= 0— Orad, Orad ~ —/ dw/COSQk Z %wj IwJ(R)ko- (2.12)
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2.2 Physics input

To solve the radiation transfer problem formulated in S2dt, we need to know the composi-
tion of the plasma, its EOS, and absorption and scatteriogsesections. All these ingredients are
affected by a strong magnetic field. There have been manysiakoted to these effects. We will
give only a brief sketch of the basic results (see [23] foailigt

The motion of charged patrticles in a magnetic fiBlis quantized in discrete Landau levels,
whereas the longitudinal (parallel ) momentum of the particle is continuous. The threshold
excitation energy of th&lth Landau level equalBy = mec? (v/1+ 2bN — 1). The wave functions
that describe an electron in a magnetic field [41] have a chexiatic transverse scale of the order
of the “magnetic lengthan, = (Ac/eB)Y/? = ag/,/y, whereag = i?/mee? is the Bohr radius.

In practice, Landau quantization becomes important vi&not too large. For the electrons
in a plasma at equilibrium this means that the electron ¢yaioenergyhcwy is at least comparable
to both the electron Fermi energy and temperaturksT in energy units. Ifha. is appreciably
larger than both these energies, then most electrons masithe ground Landau level, and the field
is calledstrongly quantizingFor a plasma of electrons and ions with chatgand massn, = Am,,
wherem, = 1.66054x 1024 g, the field is strongly quantizing if both conditiops< pg andZe > 1
are satisfied, where

- %a%z - 7045% B2gem?, o= % - 134.34BT—22. (2.13)

In neutron star atmospheres, as a rule, the figlds10'° G are strongly quantizing. In the opposite
case, where electrons are smoothly distributed over a laugeer of the Landau levels, the field
can be considered a®n-quantizing In the magnetospheres, which have lower densities, elestr
can condensate on the lowest Landau level evéatl0® G because of the violation of the LTE
conditions (e.g., [42]), but this is not the case in the pbpleres (see [23]).

For ions, the parametég is replaced by} = haxi/ks T = 0.0737(Z/A)B12/ T, Wherewy; =
ZeB/(mc) is the ion cyclotron frequency. In magnetar atmospheresp#inameted; is not small,
and the quantization of the ion motion should be taken intmat. A parameter analogouspg
is unimportant for ions, because they are non-degeneraieuinon star atmosphere.

Scattering cross-sections in neutron star atmospheresair&nown [30, 42, 43]. The scat-
tering on electrons is strongly reduced compared to the-figlib case atw < . and exhibits a
cyclotron resonance at.. The ion scattering cross-section is analogous. In supegfields one
cannot neglect the scattering on ions, because of the neseraw;. In addition, in a quantiz-
ing magnetic field, a photon can be absorbed or emitted byeaelextron in a transition between
Landau levels. In the non-relativistic or dipole approxiima, such transitions occur between the
neighboring levels at the fundamental cyclotron frequesagyln the relativistic theory, the multi-
pole expansion gives rise to cyclotron harmonics [31]. Timayifest themselves in the opacities
when one goes beyond the cold plasma approximation. Absorgoss-sections at these harmon-
ics were derived in [44] and represented in a convenient forf#5].

The quantization of electron motion leads to the appearafhcgclotron harmonics in the free-
free absorption as well, even in the non-relativistic tlye®hoton absorption cross-sections for an
electron, which moves in a quantizing magnetic field and-ais with a non-moving point charge,
were derived in [46]. However, an ion can be considered asnmaving only if w >> wyi [29]. In

PB
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the superstrong field of magnetars, the latter conditiom&caeptable. A more accurate treatment
of absorption of a photon by the system of a finite-mass ionameélectron was performed in
[47, 48]. According to the latter studies, the free-freecapson cross—sectiorrg(ﬁ)(w) has peaks
at the multiples of both the electron and ion cyclotron fieagies for all polarizationa. However,
these two types of peaks are different. Unlike the electsaotron harmonics, the ion cyclotron
harmonics are so weak that they can be safely neglected mretliteon star atmospheres.

As first noticed in [49], atoms with bound states should be hmmore abundant & > By
than atB < By in a neutron star atmosphere at the same temperature. Tieiedte is caused
by the increase of atomic binding energies and decreasewii@sizes aB > By. Therefore it
is important to consider the bound states and bound-bouddannd-free transitions in a strong
magnetic field even for light-element atmospheres, whiclildvde almost fully ionized in the
non-magnetic case.

Many authors studied atoms with an infinitely heavy (fixedpace) nucleus in strong mag-
netic fields (see, e.g., [50, 51], for review). This modelwbwaer, can be considered only as a
first approximation. Ify = B/By is not negligibly small compared to the nucleus-to-elettnwass
ratio m;/me, one should take into account quantum oscillations of am@taucleus, which are
different for different atomic quantum states. Moreovike astrophysical simulations assume fi-
nite temperatures, hence thermal motion of particles. Thery of motion of a system of point
chargegy; in a constant magnetic field was reviewed in [52]. Insteadhefdanonical momentum
P, a relevant conserved quantity is pseudomomerkum P + (1/2c) B x 5 qiri. For a hydrogen
atom,K = P— (e/2c) B x r, wherer connects the proton and the electron [53]. The specifictsffec
related to collective motion of a system of charged pasdiele especially important in neutron star
atmospheres @& > By. In particular, so calledlecentered statesiay become populated, where
an electron is localized mostly in a “magnetic well” asidenfr the Coulomb center. Numerical
calculations of the energy spectrum of the hydrogen atorh alibwance for the effects of mo-
tion across a strong magnetic field were performed in [54, B5bbabilities of various radiative
transitions for a hydrogen atom moving in a strong magnetid fivere studied in [55-57].

Quantum-mechanical calculations of the characteristigs He™ ion moving across a strong
magnetic field are performed in [58, 59]. The basic diffeeefrom the case of a neutral atom is
that the the ion motion is restricted by the field in the tramse plane, therefore the valueskot
are quantized (see [52]).

Currently there is no detailed calculation of binding emesgoscillator strengths, and pho-
toionization cross-sections for atoms and ions other thandHHe", arbitrarily moving in a strong
magnetic field. For such species one usually neglects thentkred states and uses a perturbation
theory with respect t&, [60, 61]. An order-of-magnitude estimate [23] of the valydif the latter
gives, for an atom with masw, = Am,, the conditionkg T /Ep < my/(yme) ~ 4A/Bs, WhereE,
is the atomic ionization energy. It is satisfied for low-lgitevels of carbon and heavier ions, if
B <10 G andT < 1P K (see the discussion in [23]). A practical method of caltiatss of the
guantum-mechanical characteristics of multielectronmat@nd ions, based on a combination of
several perturbation theories with respect to differentsptal parameters, has been developed in
[62].

Since the quantum-mechanical characteristics of an at@sirong magnetic field depend on
K, the atomic distribution ovelk; cannot be written in a closed form, and only the distribution
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over longitudinal momentl;, remains Maxwellian. The first EOS calculations with the ctate
account of these effects have been performed in [63] fordgeit atmospheres. The same approach
with slight modifications was then applied to strongly magmeel helium plasmas [64].

The calculation of the cross-section of photoabsorptiomduynd states of atoms and ions in
the strong magnetic fields implies averaging of the crostieses over all values oK, at every
w. Since the distribution ovef | is continuous for the atoms and discrete for the ions, sueh av
eraging implies an integration ovér, for atoms and a summation for ions. Statistical weights
for this averaging should be consistent with the statikticadel of the plasma used in the EOS
calculations. To date, such fully self-consistent calafes, including both centered and decen-
tered bound states (i.e., small and laKje) have been realized only for neutron-star atmospheres
composed of hydrogen [47, 65, 66]. For atoms and ions witere¢wound electrons (C, O, Ne),
calculations have been performed [67, 68] in terms of thealmeentioned perturbation theory.

2.3 Modeling observed spectra

The strong gravity of a neutron star induces a significarghiidof the local photon frequency
w to w, = w/(1+ zg) in the remote observer’s reference frame. Accordingly.earttal spectrum
with effective temperaturdcs transforms for the remote observer into a spectrum with atow
“observed” temperatur@j; = Terr/(1+Z5). Along with the radiusR that is determined by the
equatorial length &R in the local reference frame, one often considergjparent radiusfor a
remote observeR, = R(1+7), so that the apparent photon Iuminodilgﬁ is determined by the
Stefan-Boltzmann lag, = Lon/ (14 25)* = 41osg RS, (Te)*, whereosg is the Stefan-Boltzmann
constant, andly, = 410sg R2T(§f is the luminosity in the local reference frame.

Since thermal diffusion is anisotropic in a strong magnégtd, the temperature is non-
uniform over the stellar surface, which can lead to modoaf the observed thermal flux as
the star rotates [69]. Then it is convenient to define a loffattive surface temperatuig by the
relationFon(0, ¢) = 0sgT.', whereFyy is the local radial flux density at the surface point, Eq.12.1
determined by the polar angl@)and azimuth ¢) in the spherical coordinate system. Sihgg is
the integral ofFyn(6, ¢ ) over the surfaceTeﬁf is equal to the average af".

Because of the light bending in strong gravity, the obsergeeives a photon whose wave
vector makes a different angfewith normal to the surface than the an@leat the point where this
photon was emitted. For the compactness paramejetsl/2, this effect is well described by the
simple approximation [70] ca = xg+ (1— Xg) cosf. The spectral flux that comes to an observer
can be most easily calculated using the equations presenféd] provided that the distribution
of Iw’j(l’(\) is known for the entire visible surface of the neutron stére Pproblem is complicated
because of non-uniform surface distributions of the magritid and effective temperature. A
fiducial model for the magnetic field distribution is the t&letic dipole [72], but recent numerical
simulations of the magnetothermal evolution produce moregticated distributions (see [73, 74]
and references therein). The temperature distributionsistent with the magnetic-field distribu-
tion, is found from calculations of heat transport in nentstar envelopes (see [75] for review).

Local spectra from strongly magnetized, fully ionized menistar atmospheres were calcu-
lated in [76, 77]. Later the authors included spectral sbdeB = 10*? and 16° G in theXSPEC
package [17] under the namisA. The authors have shown that the spectra of magnetic hyalroge
and helium atmospheres are softer than the respective agnetic spectra, but harder than the
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Figure 1: Left panel.Integral spectra of a hydrogen atmosphere of a neutron #faiMv=1.4M,, R=12
km, and with different effective temperaturgg (log Tes (K) from 5.5 to 6.8 with step 0.1). The dashed and
solid lines represent the model with a dipole field of strériggt= 10'3 G at the pole and oriented along and
across the line of sight, respectively. For comparisondtitéed curves show the model with a constant field
B = 10" G, normal to the surfac&ight panel (from [68]).Local spectra at the magnetic pole (solid curve)
and equator (dashed curve) for a neutron star with carboosgthere, the dipole field with polar strength of
Bp = 2 x 10*? G (neglecting the relativistic corrections) and uniforrfeefive temperature 8 10° K.

blackbody spectrum with the same temperature. At contoasie isotropic blackbody radiation,
radiation of a magnetic atmosphere consists of a narkow°j pencil beam along the magnetic
field and a broad fan beam with typical anglte20° — 60° (as had been already predicted in [78]).

Later, similar calculations were performed by other redegroups [39, 79, 80], paying spe-
cial attention to possible manifestations of the ion cydotresonance in magnetar spectra. In
particular, it was shown [39, 80, 81] that vacuum polariatieads to conversion of the normal
modes: a photon related to one mode transforms, with a ngstabability, into a photon of the
other mode while crossing a surface at a critical densityctvdiepends ow. ForB ~ 10 G and
W ~ Wy, conversion occurs at a density where the atmosphere isatiptihin for the extraordi-
nary mode but optically thick for the ordinary mode. As a tesardinary photons converting into
extraordinary ones will reduce the strength of the ion dyolo absorption feature in the emission
spectrum of magnetars.

A strongly magnetized hydrogen atmosphere model with ftdbant of the partial ionization
and the atomic motion effects was constructed in [34]. THeutated spectra revealed a narrow
absorption line at the proton cyclotron energy and someufeatrelated to atomic transitions.
Similar to fully ionized plasma models, the intensity hasaximum at higher energies relative to
the maximum of the Planck function, but at lower energieatiet to the non-magnetic hydrogen
atmosphere model. Therefore, the model of a fully-ionizedosphere with a strong magnetic
field can yield a relatively reliable temperature, althoitgloes not reproduce the spectral features
caused by atomic transitions.
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Synthetic spectra of partially ionized hydrogen atmosgfevith averaging over the stellar
surface with realistic temperature distribution were ghlted in [82]. The left panel of Fig. 1
shows examples of such spectra calculated for a neutrowgitaM = 1.4M. andR = 12 km,
endowed with a dipole magnetic field, whose value at the ntagpele isB, = 103 G. For com-
parison, the dotted lines show spectra calculated for aohBt= 103 G for the same values of
Ter. In the dipole configuration, the spectral features arengtyosmeared by the averaging over
the surface temperature and magnetic field distributiomd tlze spectrum depends on the magnetic
axis orientatiorfy, relative to the line of sight. As the star rotates, the latipendence leads to a
rotational phase dependence of the spectra.

Models of partially ionized neutron-star atmospheres aused of strongly ionized iron, oxy-
gen, and neon were constructed in [67, 68, 83]. The effelaterkto the finite nuclear masses were
treated in the first order of the perturbation theory (sed.2e2). The right panel of Fig. 1 shows
local spectra of a strongly ionized carbon atmosphere ahtignetic pole and equator of a neutron
star for the non-relativistic magnetic dipole model Wih= 2 x 10'2 G. Itis clear that in this case
the averaging over the surface, with spectra varying betweese two extremes, would also result
in smearing of some of the features seen in the local spectra.

The calculated spectra of partially ionized, strongly netgied neutron star atmospheres com-
posed of hydrogen, carbon, oxygen, and neon with magneltis Bev 101°— 103 G (see Sect. 2.4)
are included inXSPEC[17] under the namessMAX [68, 82] andNSMAXG [66, 68, 84], with the
latter allowing for varying surface gravity.

2.4 Moderately strong magnetic fields

Most of the thermally emitting INSs have surface magnetidsién the range 6 G <B <
10'° G, but one class of sources, so called central compact stfe@0s) have probably surface
fieldsB < 10' G [85-87]. These fields are strong enough to radically affemperties of hydrogen
atoms and strongly quantize the electrons in the neut@maginosphere, but they are below the
field strengths previously available in the atmosphere ned®eAxG [84]. The possibility to ex-
tend the model to the field strengths 20'° G < B < 10'? G, which we calmoderately stronghas
opened recently. The task of calculation of such modelsisars because the dimensionless field
parametely = B/By is smaller than in the previously calculated models, whittais the need to
include more terms than previously in the wave-functionaggion over the set of Landau orbitals
[55]. In addition, with decreasinB, the energy spectrum of the bound states of a magnetized atom
becomes denser, which necessitates inclusion of more tatels §1 the consideration. Meanwhile,
sincey > 1, the center-of mass motion of the atom noticeably afféesatomic properties.

In order to solve this problem, we constructed analytictihfitformulae for atomic energies,
sizes, and main oscillator strengths as functionB, afiscrete quantum numbers of initial and final
states, and pseudomomentlm [66]. For bound-free transitions, we calculated extensimes
of cross-sections as functionskf and photon frequencs for a number of bound states at every
givenB and interpolated across these tables. This method allowéal ealculate the opacities for
moderately magnetized hydrogen atmospheres [66]. Iniaddid the bound-bound, bound-free,

Iwe thank Peter Shternin for finding an error in the old (prio2014) version oNSMAX.
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Figure 2: Opacities of the normal polarization modgs- 1,2 (the lower and upper curve of each type) at
p=0.1gcn3andB = 7x 100 G for g = 10° (left panel),6g = 60° (right panel),T = 10>° K (solid
curves, andr = 10° K (dashed curves). The arrows marked 0, 1, 2 correspond feretift characteristic
transition energies of theon-movindydrogen atom: 0 — ground state binding energy, 1 — tramdi@iween

the ground state and first excited state, 2 — transition eivlee first and second excited states. The arrows
marked c0, c1, c2, c3 correspond to cyclotron harmonicoésiN + 1)ho: with N =0, 1,2, 3, respectively.

and free-free absorption, we also included the cyclotrosogdiion with the electron cyclotron
harmonics calculated beyond the cold plasma approximé8ent. 2.2).

Examples of the calculated opacities are shown in Fig. 2dontalues of6cg and two values
of T. Atomic features (marked 0, 1, 2) are smeared and shiftéd/ded due to the magnetic
broadening caused by the dependenc&ybn K, which is much larger than the usual Doppler
broadening. At higheT, these features disappear because of the thermal iomizakiocontrast,
the electron cyclotron features (marked cO, c1, c2, c¢3) iewmlaarly visible even at higii. The
calculated opacities have been archived at the Strasbstranamical Data Centér.

Work on the extension of the databassMAXG to the moderately magnetized atmosphere
models, applicable to CCOs, is in progress. Examples ofdloeiated spectra are shown in Fig. 3.

3. Condensed surfaces and thin atmospheres

Ruderman [88] suggested that a strong magnetic field cailiztapolymer chains directed
along the field lines, and that the dipole-dipole attractibthese chains may result in a condensa-
tion. Later this conjecture was confirmed, although theibigp@nd sublimation energies proved to
be smaller than Ruderman assumed (see [89] and referemresmh

From the thermodynamics point of view, the magnetic conaléms is a phase transition
caused by the strong electrostatic attraction betweenadime and electrons in a dense plasma.

2http:// ww. aanda. org/ articl es/ aa/ abs/ 2014/ 12/ aa24619- 14/ aa24619- 14. ht ni
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Figure 3: Spectra for partially ionized hydrogen atmosphere modéls B/= 4 x 10'° G (left panel) and
7 x 10'° G (right panel), with varying effective temperatikg and surface gravity.

In the absence of magnetic field, such phase transitions stedéed theoretically since 1930s (see
[90] for a review). The simplest estimate of the phase ttemmsidomain is obtained in the ion-
sphere model [91], where the electrons are replaced by arumihegative background, and the
potential energy per ion is estimated as the electrostatecgy of the ionic interaction with the
negative background contained in the sphere of ragius (4rm; /3)~Y/3, wheren, = ne/Z is the
ion number density. At sufficiently high density, the elestatic pressure is counterbalanced by
the pressure of degenerate electrons. By equating the stime @¢hegative) electrostatic pressure
and the kinetic pressure of the electron gas to zero, on@nelatansityps of the condensed surface.

A strongly quantizing magnetic field lowers the electronriietemperature, therefore the
above-mentioned pressure balance is shifted to higheiitigesns With increasingos, the elec-
trostatic attraction becomes stronger and, consequehéycritical temperaturé; of the phase
transition also increases. For this reason, the phaseitioansay be expected in the neutron
star envelopes despite their relatively high temperatiires (10° — 10°) K. Lai [51] estimated
the condensed-surface density @s~ 561n AZ*S/E'B%5 g cn 3, wheren is an unknown fac-
tor, which would be equal to 1 in the ion sphere model. In magghssticated modelg can
differ from 1 because of ion correlations, electron-gasapoability, and bound state formation.
In particular, the values gbs calculated by Medin & Lai [89, 92] can be reproduced with=
0.517+ 0.24/8%5 +0.011 for carbon andy = 0.55+0.11 for iron. The critical temperaturiyi,
obtained numerically in [89, 92], is approximately (witlarfactor of 1.5) given by the expression
Terit & 5 x 104 Z/4 B%“ K in the magnetic field range 130G <B < 10° G.

The thermal radiation of the condensed surface is detethiipiéts emissivities in two normal
modes, which are related to the reflectivities through thehdioff law. Progressively improved
calculations of the surface emissivity were presented 3+-§9]. While the early works assumed
that the ions are firmly fixed in the crystalline lattice, moeeent works [97—99] consider also the
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Figure 4: Dimensionless emissivity of a condensed iron surfacB at10'2 G (left pane) and 164 G
(right pane), averaged over polarizations, is shown as a function ofggnaf a photon emitted at the angle

6 = 45°, for different anglesi,g between magnetic fielB and the normal to the surface and angpgs
between the projections &and wave vectok on the surface. For each parameter set, curves marked “free”
and “fixed” correspond to models with free and fixed ions (st Vertical dotted lines mark positions of
the characteristic energies: the ion cyclotron en&igy= hay;, the electron plasma energye = hwe, and

the hybrid energ¥c.

alternative model of free ions. The reality lies probablyween these two extreme limits, but this
problem has not yet been definitely solved.

The intensity of radiation from a condensed surface is etudhe Planck function, r
[Eq. (2.3)] multiplied by the normalized emissivity. Figud shows examples of the normalized
emissivity as a function of photon energ§y= hw, in both the free- and fixed-ion limits, for the
wave-vector inclination anglé, = 45°, for B = 103 G and 18* G, and different values of the
magnetic-field inclinatiorf,g and azimuthal anglegx. The emissivity rapidly changes near the
ion cyclotron energyE = hax;, the electron plasma enerdgye = hwy,e, and the energfc =
Eci + Ege/ har, (see [98] for explanation of these features).

Motch et al. [100] suggested that some neutron stars carg®msshydrogen atmosphere of a
finite thickness above the solid iron surface. If the optibgbth of such atmosphere is small for
some wavelengths and large for other ones, the thermalrapeds different from that of thick
atmospheres. Such spectra were calculated in [101-1038]j ssnplified boundary conditions for
the radiative transfer equation at the inner boundary ofath@sphere. More accurate boundary
conditions [99] take into account that an extraordinary wlir@ary wave, falling from the atmo-
sphere on the surface, gives rise to reflected waves of bothal@olarizations, whose intensities
add to the respective intensities of the waves emitted bgdhdensed surface.

In general, local spectra of radiation emitted by thin hygeno atmospheres over a condensed
surface reveal a narrow absorption line corresponding éoptioton cyclotron resonance in the
atmosphere, features related to atomic transitions bretlby the motion effects (Sect. 2.2), and
in the free-ions model also a kink corresponding to the iariatyon energy of the substrate ions.
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Some of these features may be absent, depending on the &enespickness and magnetic field
strength. At high energies, the spectrum is determined &g dmdensed-surface emission, which
is softer than the spectrum of the thick hydrogen atmosphere

One may also consider an atmosphere having a helium layeatiethe hydrogen layer. The
spectrum of such “sandwich atmosphere” can have two or tisserption lines in the range ~
(0.2—1) keV atB ~ 104 G [102].

4. Polarization

Thermal radiation emergent from neutron stars with stromagmetic fields is expected to be
strongly polarized. Since the opacity is smaller for theatdinary mode, with electric vector
mainly transverse to the magnetic field, this mode escajpes fieeper and hotter layers in the
atmosphere, so that thermal radiation acquires polasizgierpendicular to the local magnetic
field [104]. Polarization of the observed radiation depeoadghe distribution of magnetic field
and temperature over the visible neutron star surface. &stdr rotates, the polarization pattern
shows periodic variations, so that measuring the polaoizaiulse profile allows one to constrain
the orientation of the rotation axis and the field strength@gometry [105, 106]. Therefore, future
X-ray polarization measurements are expected to resolgerggacies that currently hamper the
determination of magnetar physical parameters using thlemodels [107, 108].

Polarization properties of the radiation can be describetthd® Stokes parametefs Q,U,V),
wherel is the total intensityQ andU describe linear polarization, and circular polarization
[109]. In terms of intensitieso and Ix of the ordinary and extraordinary modds= Ix + lo,
Q= (lo—Ix)pincos2p, U = (lo — Ix) piin SiN 29, wherepy, is the degree of linear polarization of
each normal mode anglis the angle between the major axis of the ordinary mode amg-#xis
of the reference frame in which the Stokes parameters aneedigfl 05, 110].

The thermal emission of a condensed surface is also pdarizErause the reflectivities of
normal modes are different. The polarization depends omlizton energye = hw and angles
6hB, 6, andgy (Sect. 3). In a local spectrum, the degree of polarizationreach tens percent in
some energy ranges. However, if radiation comes from a kudace area with varying magnetic
field and temperature, the net polarization becomes muchesma

After a photon has left the surface of a neutron star with angtrmagnetic field, it travels
through the magnetosphere and experiences the influen@cofim polarization (see Sect. 2.1),
which induces a change in the wave electric field as photopayates. If the magnetic field is
sufficiently strong, then in the vicinity of the star a tygdi¢@ngth scale of this change is much
shorter than the scale of the magnetic field; in this caseltbtop propagates adiabatically, so that
its polarization instantaneously adapts to the variatibthe magnetic field direction [111, 112].
Farther from the star the field decreases, and eventuallfoptdeave the adiabatic region and
maintain their polarization. The rays that leave the adiab@gion pass through only a small
solid angle; consequently, polarizations of the rays nating in different regions will tend to
align together. This effect partly lifts the strong supgies of the net polarization caused by the
averaging over the field and temperature distributionseastar surface and can generate large net
polarizations [113].
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Figure 5: Average linear polarization (normalized Stokes param@{érin the reference frame where the
x-axis is coplanar with the magnetic axis) is shown as a fonctif photon energy for the hot spot (red
curves) or dipole field (blue curves), calculated in the niaedéree ions for a condensed magnetized iron
surface, for two angles between the line of sight and magmaeis 6, = 90° or 45° (solid and dot-dashed
lines, respectively) and the magnetic field at the pole (dh@hot spotB = 102 G (left pane) or 1014 G
(right pane). In the case of the dipole model, the results obtained withiowance for the magnetospheric
QED birefringence are shown by thin green lines for comparig€nergies., Ec, andEpe, marked at the
horizontal axis, are the same as in Fig. 4.

A comparative analysis of the polarization of radiationnfironagnetized neutron stars with
gaseous atmospheres and condensed surfaces was recéiotigned in [114]. The authors pro-
posed a simplified treatment of photon propagation throbghadiabatic region. Instead of in-
tegrating the equations that govern the photon polarizatiom the neutron star surface to the
infinity, the propagation is assumed perfectly adiabati.,(each photon preserves its polariza-
tion with respect to the local magnetic field direction) ustaone radius, where the typical scales
of variations of the photon electric field and external maigngeld become comparable, and
the change of polarization at larger distances is negleciéns adiabatic radiusis estimated as
rad= 4.8(B/10' G)?/5(E /1 keV)/°R.

Figure 5 shows the linear polarization degree in the moddtesf ions for the two cases:
first, where the radiation spectrum is formed at a hot spdt Bihormal to the surface, and sec-
ond, where the field is distributed according to the relatigidipole model. In the latter case, an
isotropic internal (core) temperature of?1R is assumed and a surface temperature distribution
is calculated according to Ref. [75] (this calculation giVigs ~ 1.0 MK for By = 103 G and
Terf =~ 1.3 MK for B, = 10 G). The figure illustrates the polarization smearing awayheyaver-
aging over the stellar surface and the opposite effect dtteetadiabatic propagation of radiation
in the near zone of the star.
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5. Theory versus observations

As argued above, models of strongly magnetiZ2d(10° G) neutron-star atmospheres must
take the bound species and their radiative transitionsaotount. Let us consider a few examples
where models of magnetized, partially ionized atmosphleass been used to study their thermal
radiation.

5.1 RX J1856.5-3754

RX J1856.5-3754 is the closest and brightest of the class of X-ray (diN§d (XINSs or
XDINS, also known as the Magnificent Seven), whose X-ray tspexre apparently of purely ther-
mal nature (see [115] for a review). The spectra of the othBiS$ show broad absorption features
at several hundred eV, and at least four of them also exhéitow absorption features [116].
RX J1856.5-3754 is the only one of the Seven that has a blackbody-likay<spectrum without
absorption features. Similar to the other XINSs, its X-ragl aptical spectra correspond to substan-
tially different effective temperatures if fitted sepahateith blackbodies. However, the measured
spectrum was fitted in the entire range from X-rays to optigéhin observational errorbars with
the use of the model of a thin magnetized hydrogen atmospretep of a condensed iron sur-
face [101]. The best agreement between the theoretical laseheed spectra has been achieved
for the atmosphere column density, = 1.2 g cnT 2, gravitational redshifg ~ 0.25+ 0.05, and
apparent radiu®Re, = 17.2755 D149 km, whereD14g is distance in units of 140 pc. The authors
used a piecewise approximation to dipole-like distribugi@f the magnetic field and temperature
with the polar value®, ~ 6 x 1012 G, Ts ~ 0.7 MK, whereas the overall effective temperature is

off = 0.434+0.003 MK (1o significance). Using an updated distance estimiate, 123f}% pc
[117], the above estimates &f andR., give R= 121713 km andM = 1.5+ 0.3M,,. Note that a
fit of the observed X-ray spectrum with the Planck functioelds a 70% higher temperature and
a 3.5 times smaller radius of the emitting surface. Such loiffgrence exposes the importance of
a correct physical interpretation of an observed spectamayaluation of neutron star parameters
(as well as in the non-magnetic thermally emitting INSs;Rxéf. [118]).

The inferred magnetic field is significantly smaller ttByw 1.5 x 10" G obtained from tim-
ing analysis [119]. HereBs is so-called spindown or characteristic magnetic field; ihthe value
of the equatorial magnetic field in the “canonical model” ofosating non-relativistic magnetic
dipole in vacuum [120], with the rotation axis orthogonathie magnetic axis, with radius = 10
km, and with moment of inertid = 10* g cn?. Assuming differenR and|, one would obtain
another field estimate, proportional {E/R?’. For instance, modern BSk21 equation of state for
the neutron star matter (Ref. [121] and references they@i)s R= 12.6 km andl = 2.06 x 10*

g cn? for M = 1.5M.,, which gives a factor 0.7 to the canoni®y estimate. Still more realistic
estimate should take into account that a real neutron starrisunded by magnetosphere, and the
angleé between its rotational and magnetic axes can differ frofn 8@ analytic fit to the results
of numerical simulations presented in Ref. [122] gives aemiion factora 0.8/(1+sin25) to

the canonical estimate &. Taken together, the two factors translate the result of R&B] into

B ~ (4— 8) x 10*? G. On the other hand, an alternative interpretation of tiedgpvn in terms of
the fallback disk model leads to still smaller estimBte 102 G [123].

16



Magnetized atmospheres of neutron stars Alexander Y. Potekhin

Analysis [124] of the light curve of RX J1856-8754 with the aid of the same thin-atmosphere
model yields constraints on the geometry of rotational angmatic axes. It turned out that the light
curve can be explained if one of these angles is srrab?), while the other angle lies between
20° and 45. In this case, the radio emission around the magnetic pales dot cross the line of
sight. As noted in [124], this may explain the non-detectibthis star as a radio pulsar [125].

5.2 RXJ1308.6+2127

Hambaryan et al. [126] described the X-ray spectrum of RX081&8+2127 (RBS 1223) by
a wide absorption line centered aroulm@ = 0.3 keV, superposed on the Planck spectrum, with
the line parameters depending on the stellar rotation phesis source shows the highest pulsed
fraction (13— 42%, depending on energy band) of all the XINSs. A phase wvedaspectrum
obtained from all 2003 — 200XMM-Newtonobservations of this star has been reproduced by the
model a magnetized iron surface covered by a partially &thizydrogen atmosphere wighy, ~ 1 —
10 g cnt2, with mutually consistent asymmetric bipolar distributsoof the magnetic field and the
temperature, with the polar valug; = By, = (0.86+0.02) x 101 G, Tpy = 1.227532 MK, and
Tp2 = 1.15+£0.04 MK. The effective temperature &« ~ 0.7 MK. The gravitational redshift is
estimated to beg = 0.16393, which converts intdM /M) /Rs = 0.87" 532 and suggests a stiff
EOS of the neutron star matter.

5.3 1E 1207.4-5209

The discovery of absorption lines by [127, 128] in the speuntof CCO 1E 1207.45209 at
energie€ ~0.7N keV (N=1,2,...)immediately led to the belief that they are caused by cyaiot
harmonics. As we mentioned in Sect. 2.2, such harmonicgdmeilonly electronic, because the
ion cyclotron harmonics are unobservable. Therefore,itiéspretation implie8 ~ 7 x 1010 G.
Initially this interpretation was criticized because tidative strengths of the spectral absorptions
caused by the cyclotron fundamental and harmonics wergtitda be sharply different, but this
argument was based on the considerations in the cold plapprax@mation and does not hold
beyond it [45] (as confirmed by our Fig. 3).

There are doubts concerning the statistical significandbeothird and fourth observed lines
[129], while the first and second lines were tentatively nipteted as characteristic features in an
oxygen atmosphere with magnetic fiddd~ 102 G [67]. However, recent timing analysis [130]
gives the characteristic fieBk = 9.8 x 10'° G and thus favors the electron-cyclotron interpretation.

5.4 2XMM J104608.7-594306

2XMM J104608.7-594306 is a thermally emitting INS, but kalthe Magnificent Seven it has
a short spin period of only 18.6 ms. KVIM-Newtonspectrum has been analyzed in [131], using
the blackbody model and hydrogen atmosphere modelsandNSMAXG. Statistically acceptable
spectral fits and meaningful physical parameters for thecgoare only obtained when the purely
thermal spectrum is modified by absorption lineg&at 0.55 keV and 13 keV. The authors fixed
M to 1.4 M., and tried various values of magnetic field from 0 te 20'® G. In the case of the
NSMAXG model, the best statistical significangg®(d.o.f. < 1.1) was provided by the assumptions
of B=10'0 G andB = 3 x 10'3 G. In the former case, the inferred apparent radtys= 9 km
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is implausibly small, whereas in the latter cdRe = 12 km does not contradict to theoretical
neutron star models. In the latter case, the inferred éffeeemperature et = 0.8679.95 MK
(for comparison, the blackbody model gives the redshifeedpteraturel j ~ (1.6 — 1.9) MK and
Re ~ 1.5—3 km).

5.5 1WGA J1952.2+2925

1IWGA J1952.2+2925 is the central X-ray source in the pulsadwebula DA 495, but it
shows no pulsar activity. An analysis [132] of its archi@ilandraand XMM-Newtondata shows
that it has a pure thermal spectrum which is equally welldig&her by the blackbody model with
atemperature dfgT ~ 215 eV and an emitting area radius~ef0.6 km or by magnetized neutron
star atmosphere modeisMAX with kgTesr ~ 80— 90 eV. In the latter case the thermal emission
can come from the entire neutron star surface. The auth8& Hlso placed an upper limit on the
non-thermal flux and an upper limit of 40% on the pulsed foactiThe authors suggested that the
Fermisource 3FGL J1951.6+2926 is the likghray counterpart of IWGA J1952.2+2925.

5.6 Rotation powered pulsars: PSR J11196127, B0943+10, J0357+3205, and J0633+0632

The patrtially ionized, strongly magnetized hydrogen afphese modeNsSMAX (Sect. 2.3)
was applied in [133] to interpret observations of pulsarl®t16127, for which the estimate based
on spindown gives an atypically high characteristic fiBld= 4 x 10'3 G. In the X-ray range, it
emits pulsed radiation, with a significant thermal compaonét fixed D = 8.4 kpc andR = 13
km, the bolometric flux give3es ~ 1.1 MK. It was difficult to explain, however, the large pulsed
fraction (48+ 12%) by the thermal emission. Ng et al. [133] managed to crpre the X-ray light
curve of this pulsar assuming that one of its magnetic padesiirounded by an area, which is
covered by hydrogen and heated t& MK, while the temperature of the opposite polar cap is
below Q9 MK.

A similar analysis was applied in [134] to interpret obséivas of pulsar B0943+10, which
show correlated radio and X-ray mode switches. The autladesB = 2 x 10'2 G inferred from
the pulsar spindown, assuméti=1.2M,, andR = 12 km, and modeled the emitting area as a
hot spot covered by a partially ionized hydrogen atmosph&hey find that an atmosphere with
Teff =~ (1.4 — 1.5) MK and emission radiu®en ~ 85 m matches the radio-quiet X-ray spectrum,
whereas previous blackbody fits gave temperaturgd MK and emission radiusz 20— 30 m.
The authors show that the large X-ray pulse fraction obskedeging the radio quiet phase can be
explained by including the beaming effect of a magnetic aphere.

PSR J0357+3205 is an unusual thermally-emitting pulsaervkg in X-rays. Its spectrum
was fitted in [135] with several different multicomponent aiets. In the physically realistic case
where the incomplete ionization of the atmosphere was takenaccount, the authors used the
NsMAX model for the thermal spectral component and a power-lawefrfodthe non-thermal one
and fixedM = 1.4M., andB = 10" G. They obtained an acceptable fit°(d.o.f = 1.05) with a
loose constraint on the radiuR, = 87+%(D/500 pg km.

Danilenko et al. [136] analyze@handraobservations of the brighiermipulsar J0633+0632
and confirmed early findings that its X-ray spectrum contaorsthermal and thermal components.
The latter is equally well described by the blackbody modeal magnetized atmosphere model
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NSMAX and can be attributed to the emission from the bulk of théestelirface. In the latter case
ks Test = 53f%2 eV (at 90% confidence), which makes this pulsar one of theesblohiddle-aged
INSs with measured temperatures. The authors also repevidence of an absorption feature at
E = 80452 eV with equivalent width of 633/ eV.

6. Conclusions

We have considered the main features of neutron-star atveosp and radiating surfaces and
outlined the current state of the theory of the formatiorheiit spectra (see [23] for more details).
The interpretation of observations enters a qualitatinelyw phase, free from the assumptions of a
blackbody spectrum or the “canonical model” of neutronsst&pectral features, compatible with
absorption lines in some cases, have been discovered imahspectra of strongly magnetized
neutron stars. On the agenda is their detailed theoretgsarigbtion, which may provide informa-
tion on the surface composition, temperature and magnetétdistributions. However, in order to
disentangle these parameters, a number of problems rétatieel theory of magnetic atmospheres
and radiating surfaces still have to be solved.
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