S sllas
ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.nECT®

Advances in Space Research 33 (2004) 537-541

ADVANCES IN
SPACE

RESEARCH
(a COSPAR publication)

www.elsevier.com/locate/asr

Atmospheres of magnetized neutron stars: vacuum polarization
and partially ionized models

Wynn C.G. Ho **, Dong Lai ?, Alexander Y. Potekhin °, Gilles Chabrier ©

& Center for Radiophysics and Space Research, Department of Astronomy, Cornell University, Ithaca, NY 14853, USA
® Joffe Physico-Technical Institute, Politekhnicheskaya 26, 194021, St. Petersburg, Russia
¢ CRAL (UMR CNRS No. 5574), Ecole Normale Supérieure de Lyon, 69364 Lyon Cedex 07, France

Received 27 November 2002; received in revised form 15 February 2003; accepted 15 February 2003

Abstract

We construct hydrogen atmospheric models for magnetized neutron stars (NSs) in radiative equilibrium with surface fields
B =10"2-5 x 10'* G and effective temperatures Ty ~ a few x 10°~10° K by solving the full radiative transfer equations for both
polarization modes in the magnetized hydrogen plasma. The atmospheres directly determine the characteristics of thermal emission
from isolated NSs. We study the effects of vacuum polarization and bound atoms on the atmosphere structure and spectra. For the
lower magnetic field models (B ~ 10'2 G), the spectral features due to neutral atoms lie at extreme UV and very soft X-ray energies
and therefore are not likely to be observed. However, the continuum flux is also different from the fully ionized case, especially at
lower energies. For the higher magnetic field models, we find that vacuum polarization softens the high energy tail of the thermal
spectrum. We show that this depression of continuum flux strongly suppresses not only the proton cyclotron line but also spectral
features due to bound species; therefore, spectral lines or features in thermal radiation are more difficult to observe when the NS
magnetic field is = 104 G.
© 2003 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal radiation from the surface of isolated neu-
tron stars (NSs) can provide invaluable information on
the physical properties and evolution of NSs. Such ra-
diation has been detected in various types of isolated
NSs: from radio pulsars (see Becker, 2000; Pavlov et al.,
2002) to old and young radio-quiet NSs (see Treves
et al., 2000; Pavlov et al., 2002) to soft gamma-ray re-
peaters (SGRs) and anomalous X-ray pulsars (AXPs)
(see Hurley, 2000; Israel et al., 2002; Mereghetti et al.,
2002), which form a potentially new class of NSs
(“magnetars”) endowed with superstrong (B = 10 G)
magnetic fields (see Thompson and Duncan, 1996;
Thompson, 2001). The NS surface emission is mediated
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by the thin atmospheric layer (with scale height ~0.1-10
cm and density ~0.1-100 g/cm?®) that covers the stellar
surface. Therefore, to properly interpret the observa-
tions of NS surface emission and to provide accurate
constraints on the physical properties of NSs, it is im-
portant to understand in detail the radiative properties
of NS atmospheres in the presence of strong magnetic
fields.

Steady progress has been made over the years in
modeling NS atmospheres (see Pavlov et al., 1995; Ho
and Lai, 2001, 2003; Zavlin and Pavlov, 2002 for more
detailed references on observations and on previous
works of NS atmosphere modeling). These atmospheric
models have played a valuable role in assessing the ob-
served spectra of radio pulsars and radio-quiet NSs. We
have studied the H and He atmospheres of NSs with
magnetic fields B ~ 10'2-10'> G and effective tempera-
tures Ty ~ 10°-107 K (Ho and Lai, 2001, 2003; Ho
et al., 2003). Here we briefly discuss our atmospheric
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model and the effects of vacuum polarization and report
on recent work in incorporating hydrogen bound species
in the models to produce partially ionized atmospheres.

2. Atmospheric model

We consider an isolated NS with a plane-parallel at-
mosphere. This is justified since the atmospheric scale
height H <10 cm is much less than the NS radius
R ~ 10 km. The atmosphere is composed of pure hy-
drogen. A uniform magnetic field B, aligned perpen-
dicular to the surface, permeates the atmosphere, and
the spectra presented indicate emission from a local
patch of the NS surface with the indicated magnetic field
strength and effective temperature.

In the highly magnetized plasma that characterizes
NS atmospheres, there are two photon polarization
modes, and they have very different radiative opacities.
The two photon modes are the extraordinary mode (X-
mode), which is mostly polarized perpendicular to the
k-B plane, and the ordinary mode (O-mode), which is
mostly polarized parallel to the k-B plane, where k
specifies the direction of photon propagation and B is
the direction of the external magnetic field. The O-mode
has a significant component of its electric field E along B
for most directions of propagation, except when k is
nearly parallel to B, and therefore the O-mode opacity
is close to the B = 0 value, while the X-mode opacity is
much smaller.

To construct self-consistent atmospheric models re-
quires successive iterations, where the temperature
profile 7(z) is adjusted from the previous iteration in
order to satisfy radiative equilibrium (7 is the Thomson
depth within the atmosphere). We solve the radiative
transfer equations (RTEs) for the two coupled photon
polarization modes, together with the boundary condi-
tions, by the finite difference scheme described in Mih-
alas (1978). We use a variation of the Unsold-Lucy
temperature correction method as described in Mihalas
(1978) but modified to account for full radiative transfer
by two propagation modes in a magnetic medium. The
process of determining the radiation intensity from the
RTE for a given temperature profile, estimating and
applying the temperature correction, and then recalcu-
lating the radiation intensity is repeated until conver-
gence of the solution is achieved (see Ho and Lai, 2001
for details of our numerical method).

3. Vacuum polarization

It is well known that polarization of the vacuum due
to virtual e*e~ pairs becomes significant when B X Bq,
where Bq = m2c® /el = 4.414 x 10'* G. Vacuum polari-
zation modifies the dielectric property of the medium

and the polarization of photon modes, thereby altering
the radiative scattering and absorption opacities (see Ho
and Lai, 2003 and references therein). Of particular in-
terest is the ““vacuum resonance” phenomenon, which
occurs when the effects of the vacuum and plasma on the
linear polarization of the modes cancel each other, giv-
ing rise to a resonance feature in the opacity at photon
energy Ey ~ 1.02(Z/4)(p/1 gem=3)"*(B/10"* G) "' £(B)
keV, where Z and A are the atomic charge and mass of
the ion, respectively, p is the density, and f(B) is a
slowly-varying function of B of order unity.

It was shown in Lai and Ho (2002, 2003) (see also
Gnedin et al., 1978; Pavlov and Gnedin, 1984) that high
energy photons propagating in the atmospheric plasma
can adiabatically convert from one polarization mode
into another at the vacuum resonance density py =~
0.96(4/Z)(E/1 keV)*(B/10"* G)*f(B)™* gem™3. Across
the resonance, the orientation of the polarization ellipse
rotates by 90°, although the helicity does not change (see
Fig. 1). This resonant mode conversion is analogous to
the Mikheyev—Smirnov—Wolfenstein (MSW) effect for
neutrino oscillations. Because the two photon modes
have vastly different opacities, this vacuum-induced
mode conversion can significantly affect radiative
transfer in strongly magnetized atmospheres. Fig. 2 il-
lustrates the main effect that vacuum polarization has on
the atmospheric spectrum. The left side of Fig. 2 shows
the decoupling densities of the O-mode and X-mode
photons (i.e., the densities of their respective photo-
spheres) when the vacuum polarization effect is ne-
glected. The right side of Fig. 2 shows that the effective
decoupling depths of the photons are changed when the
vacuum resonance lies between these two photospheres.
We see from Fig. 2 that mode conversion makes the
effective decoupling density of X-mode photons (which
carry the bulk of the thermal energy) smaller, thereby
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Fig. 1. A schematic diagram illustrating mode conversion due to
vacuum polarization: as an X-mode (O-mode) photon at high density
traverses the vacuum resonance density py, it becomes an O-mode (X-
mode) photon at low density if the adiabatic condition is satisfied. In
this evolution, the polarization ellipse rotates 90°, and the photon
opacity changes significantly.
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Fig. 2. A schematic diagram illustrating how vacuum polarization-
induced mode conversion affects radiative transfer in a magnetar at-
mosphere. When the vacuum polarization effect is turned off, the
X-mode photosphere (where optical depth ~1) lies deeper than the
O-mode. With the vacuum polarization effect included, the X-mode
effectively decouples (emerges) from the atmosphere at the vacuum
resonance, which lies at a lower density than the (original) X-mode
photosphere.

depleting the high energy tail of the spectrum and
making the spectrum closer to blackbody (although the
spectrum is still harder than blackbody because of non-
grey opacities). This expectation is borne out in self-
consistent atmosphere modeling presented in Ho and
Lai (2003) and illustrated in Fig. 3 for the case of
B=5x10" G and Tuy =5 x 10° K (all the models
presented here use the corrected free-free absorption,
which properly accounts for electron-ion collisions;
Potekhin and Chabrier, 2003; see also Ho et al., 2003).

Another important effect of vacuum polarization on
the spectrum, first noted in Ho and Lai (2003) and il-
lustrated in Fig. 3, is the suppression of proton cyclo-
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Fig. 3. Spectra of fully ionized hydrogen atmospheres with
B=5x10" G and Ty =5 x 10° K. The solid line is for an atmo-
sphere which includes vacuum polarization, the dashed line is for an
atmosphere which neglects vacuum polarization, and the dotted line is
for a blackbody with T = 5 x 10° K.

tron lines (and other spectral lines; see below). The
physical origin for such line suppression is related to
the depletion of continuum flux; this depletion makes
the decoupling depths inside and outside the line similar.

4. Partially ionized atmospheres

A major complication when incorporating bound
species in the atmospheric models arises from the strong
coupling between the center-of-mass motion of the atom
and the internal atomic structure. Potekhin and Chab-
rier (2003) have constructed the first thermodynamically
consistent equation of state and opacity models of par-
tially ionized hydrogen plasmas in strong magnetic
fields. From the work of Potekhin and Chabrier (2003),
we obtain tables for the equation of state and absorption
opacities of hydrogen, including the bound states. We
interpolate between the table values to obtain densities
and absorption opacities corresponding to the numerical
grid of our models. (Note that we calculate the polari-
zation vector of the medium assuming the medium is
fully ionized since the abundance of bound species is
very low for the cases considered; this is not strictly
correct; see Bulik and Pavlov (1996) for the case where
the atmosphere is completely neutral.) Thus we are able
to obtain partially ionized hydrogen atmospheric mod-
els (Ho et al., 2003).

Fig. 4 shows the spectra of hydrogen atmospheres
with B =102 G and T,z = 5 x 10° K, along with the
non-magnetic hydrogen atmospheric model at the same
Ty and the blackbody spectrum with 7' =5 x 10° K.
The proton cyclotron line at 6.3 eV is clear in both the
fully ionized and partially ionized spectra. (The width of
the proton cyclotron line in all the partially ionized
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Fig. 4. Spectra of hydrogen atmospheres with B = 10> G and
T = 5 x 10° K. The solid line is for a partially ionized atmosphere,
the dot-dashed line is for a fully ionized atmosphere, the dashed line is
for a fully ionized non-magnetic atmosphere, and the dotted line is for
a blackbody with T = 5 x 10° K.
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models is due to the finite energy grid of the models and
not an indication of the true line width; the true width is
narrower.) It is clear from Fig. 4 that spectral features
due to bound species at this field strength lie within the
extreme UV (£ 2 50 eV) to very soft X-ray (£ 0.2
keV) regime and therefore, are likely to be unobservable
due to interstellar absorption. However, the effect of
bound species on the temperature profile of the atmo-
sphere and the continuum flux is significant. In partic-
ular, the optical flux is higher for the partially ionized
atmospheres compared to the fully ionized atmospheres
for the same Ti. On the other hand, the partially and
fully ionized models both yield very similar (neglecting
the spectral features) X-ray flux for a given effective
temperature, with the partially ionized model fluxes
slightly lower than those for the fully ionized models;
thus fitting only the high energy flux with fully ionized
models would yield fairly accurate NS temperatures.
Fig. 5 compares the partially and fully ionized models
(neglecting vacuum polarization) of hydrogen atmo-
spheres with B =5 x 10" G and Ty = 5 x 10® K. Ne-
glecting vacuum polarization allows us to distinguish
features due to neutral atoms in the atmosphere; broad
absorption features due to bound-free and bound-
bound transitions at E ~ 0.76 and 4 keV, respectively,
are apparent (the latter is from blending of two bound-
bound transitions at 3.4 and 6.5 keV). The continuum
flux between the models is not significantly different, and
as noted in Ho and Lai (2001, 2003) and Zane et al.,
2001), the proton cyclotron line is very broad when
vacuum polarization is neglected. Fig. 6 compares the
models with vacuum polarization (complete mode con-
version; see Ho and Lai, 2003). We see that vacuum
polarization softens the high energy tail of the spectrum
in the partially ionized model, like the fully ionized
model. In addition, we see that vacuum polarization also
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Fig. 5. Spectra of hydrogen atmospheres with B =5 x 1014 G,
T = 5 x 10° K, and neglects vacuum polarization. The solid line is
for a partially ionized atmosphere, the dashed line is for a fully ionized
atmosphere, and the dotted line is for a blackbody with T' = 5 x 10° K.
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Fig. 6. Spectra of partially ionized hydrogen atmospheres with
B=5x10" G and Ty = 5 x 10° K. The solid line is for an atmo-
sphere which includes vacuum polarization, the dashed line is for an
atmosphere which neglects vacuum polarization, and the dotted line is
for a blackbody with 7 = 5 x 10° K.

suppresses spectral features due to the bound species of
hydrogen. The reduced width of the proton cyclotron
line and spectral features associated with bound transi-
tions makes these features difficult to observe with cur-
rent X-ray detectors, and we suggest that the absence
of lines in the observed spectra of several AXPs (Patel
et al., 2001; Juett et al., 2002; Tiengo et al., 2002) may be
an indication of the vacuum polarization effect at work
in these systems.
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