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Abstract

Since their discovery, neutron stars have been recognized to be unique natural laboratories for helping our understanding of funda-
mental physics, including nuclear and particle physics and the theory of gravity. The excellent sensitivity of the new X-ray telescopes, e.g.,
Chandra and XM M-Newton, is ideal for the study of cooling, isolated neutron stars, which emit at these energies. In order to exploit the
wealth of information contained in the data, a thorough knowledge of the emission properties of neutron stars is necessary. We describe
our work on constructing atmosphere models, which determine the observed spectra from neutron stars. In particular, we discuss the
effects of vacuum polarization and bound atoms on the atmosphere structure and spectra. We show that our partially ionized hydrogen
atmosphere model spectra can fit the multi-wavelength spectrum of the neutron star RX J1856.5-3754. On the other hand, mid-Z ele-
ment atmospheres may fit other isolated neutron stars, such as 1E 1207.4-5209.
© 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The observed radiation from a neutron star (NS) origi-
nates in a thin atmospheric layer (with scale height ~0.1—
10 cm and density p ~ 0.1-10% g cm ) that covers the NS
surface. The properties of this atmosphere, such as its
chemical composition, equation of state (EOS), and espe-
cially its radiative opacity, directly determine the character-
istics of the observed spectrum. Accurate modeling of the
NS atmosphere is therefore necessary to correctly interpret
the observational data.
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Steady progress has been made over the years in model-
ing NS spectra. Since the NS surface emission is thermal in
nature, it has been modeled at the lowest approximation
with a blackbody spectrum. While the surface composition
of the NS is unknown, a great simplification arises due to
the efficient gravitational separation of light and heavy ele-
ments (with timescales on the order of seconds; Alcock and
Illarionov, 1980). Early works on atmospheric spectra
assumed emission from light element, unmagnetized atmo-
spheres (the latter assumption being valid for B < 10° G);
computed spectra exhibit a significant deviation from a
Planckian shape and distinctive hardening with respect to
a blackbody (Romani, 1987; Rajagopal and Romani,
1996; Zavlin et al., 1996; Génsicke et al., 2002).

Strong magnetic fields can significantly increase the
binding energies of atoms, molecules, and other bound
states (see Lai, 2001 for a review), and abundances of these
bound states can be appreciable in the atmospheres of cold
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NSs (i.e., those with surface temperature 7 < 10° K; Lai
and Salpeter, 1997; Potekhin et al., 1999). In addition,
the presence of a magnetic field gives rise to anisotropic
and polarized emission, which must be accounted for
self-consistently in developing radiative transfer codes.
The most comprehensive early studies of magnetic neutron
star atmospheres focused on a fully ionized hydrogen
plasma and moderate field strengths (B~ 10'>-10" G;
Miller, 1992; Shibanov et al., 1992; Pavlov et al., 1994;
Zane et al., 2000; see Pavlov et al., 1995; Zavlin and Pav-
lov, 2002 for a review). Despite a few seminal works (Bezc-
hastnov et al., 1996; Bulik and Miller, 1997), only recently
have self-consistent atmosphere models in the ultra-strong
field (B = 10" G) and relevant temperature regimes been
presented (Ho and Lai, 2001; Ozel, 2001; Zane et al., 2001;
Lloyd, submitted for publication; van Adelsberg and Lai,
2006), and all of these rely on the assumption of a fully ion-
ized hydrogen composition.

Modeling of NS atmospheres with more complex chem-
ical compositions is still challenging. Magnetized heavy ele-
ment atmospheres (with B ~ 10'> G) have been studied (see
Miller, 1992 for helium and mid-Z elements, where Z is the
charge number; Rajagopal et al., 1997 for iron), but
because of the complexity of the atomic physics and radia-
tive transport in the presence of heavy particles and a
strong magnetic field, the models were necessarily crude.

We describe here some aspects of our investigation thus
far into the atmosphere and spectra of strongly magnetized
NSs. We study hydrogen and mid-Z element atmospheres
with magnetic fields B > 10'? G and effective temperatures
T.x = afew x 10° K, so that the abundance of bound spe-
cies is non-negligible. To determine the emission properties
of a magnetic atmosphere, the radiative transfer equations
for the two coupled photon polarization modes are solved
(see Ho and Lai, 2001; Ho et al., 2003; Mori and Ho, 2007,
and references therein, for details on the construction of
the atmosphere models). We are able to construct self-con-
sistent atmosphere models using the latest EOS and opac-
ities for partially ionized hydrogen (Potekhin and
Chabrier, 2003, 2004; Potekhin et al., 2004) and mid-Z ele-
ments (Mori and Hailey, 2002, 2006).

2. Vacuum polarization

In a magnetized plasma, there are two normal modes of
propagation for electromagnetic waves. These 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 propaga-
tion (e.g., Mészaros, 1992). It is well-known that polariza-
tion of the vacuum due to virtual e"e” pairs becomes
significant when B 2 Bq = m2c®/eh = 4.414 x 10 G,
where Bg is the magnetic field at which the electron cyclo-
tron energy fiwp, = heB/m.c equals mec®. Vacuum polariza-
tion modifies the dielectric property of the medium and the
polarization of photon modes (e.g., Adler, 1971; Tsai and

Erber, 1975; Gnedin et al., 1978; Heyl and Hernquist,
1997), thereby altering the radiative scattering and absorp-
tion opacities (e.g., Mészaros and Ventura, 1979; Pavlov
and Gnedin, 1984; see Mészaros, 1992 for a review). Of
particular interest is the ‘“vacuum resonance’” phenome-
non, which occurs when the effects of the vacuum and
plasma on the linear polarization of the modes cancel each
other (Gnedin et al., 1978; Mészaros and Ventura, 1979;
Pavlov and Shibanov, 1979; Ventura et al., 1979). For a
photon of energy E, the vacuum resonance occurs at the
density

py ~0.964Y.'(B/10" G)*(E/1 keV)*f 2 gem 3, (1)

where Y, = Z/A is the electron fraction, 4 is the mass num-
ber of the ion, and f{B) is a slowly varying function of B
(Lai and Ho, 2002; Ho and Lai, 2003). (Across the reso-
nance, the orientation of the polarization ellipse rotates
by 90°, although the helicity does not change.) For
p > py (where the plasma effect dominates the dielectric
tensor) and p < py (where vacuum polarization domi-
nates), the photon modes (for v < wp,) are almost linearly
polarized. In this case, the X-mode and O-mode interact
very differently with matter: the O-mode opacity is largely
unaffected by the magnetic field, while the X-mode opacity
is significantly reduced (by a factor of order w*/w3,) from
the zero-field value.

Near p = py, however, the normal modes become circu-
larly polarized as a result of the ‘“‘cancellation” of the
plasma and vacuum effects. Fig. 1 shows the photon polar-
ization ellipticities K, and the refractive indices ny = ck/
o for the two modes as a function of density near the vac-
uum resonance for B= 10" G, E=1keV, and 0 = 45° is
the angle between k and B. The plus-mode (minus-mode)
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Fig. 1. Polarization ellipticities K; (upper panel) and refractive indices 7,
(lower panel) of the photon modes as functions of density near the vacuum
resonance for B= 10" G, 05 =45°, E=1keV, and Y, = 1.
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manifests as the O-mode (X-mode) at high densities but
becomes the X-mode (O-mode) at low densities. If the den-
sity variation is sufficiently gentle (see Lai and Ho, 2002),
an O-mode photon created at high densities will remain
on the K -trajectory as it travels outward and will adiabat-
ically convert into the X-mode after traversing the reso-
nance density.

Because the two photon modes possess very different
opacities, the vacuum polarization-induced mode conver-
sion can significantly affect radiative transfer in magnetized
atmospheres. When vacuum polarization is taken into
account, the photosphere densities of the two modes can
be altered, depending on the location of the vacuum reso-
nance py relative to the photosphere densities (see
Fig. 2). For “normal” magnetic fields,

B< B, ~6.6x10%(T/10° K)'*(E/1 keV) /*f-1/4 G,
(2)

the vacuum resonance lies outside both photospheres (Lai
and Ho, 2003a; Ho and Lai, 2004); in this case, there is
no net change in the total emission spectrum. We note,
however, that the X-ray polarization signals are dramati-
cally affected by vacuum polarization in this “normal” field
regime (see Lai and Ho, 2003b). For (B/B)*> 1, the
O-mode photosphere is unchanged by vacuum polariza-
tion, while the X-mode photons (which carry the bulk of
the flux) emerge from the vacuum resonance layers; we thus
expect that the total spectrum will be affected by vacuum
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Fig. 2. Schematic diagram illustrating how vacuum polarization-induced
mode conversion affects the emergent radiation from a magnetized NS
atmosphere. The photosphere is defined by where the optical depth
(measured from the surface) is 2/3 and is where the photon decouples from
the matter. The left side applies to the “normal” field regime
[B < 7x 10" G; see Eq. (2)], in which the vacuum resonance lies outside
the photospheres of the two modes. The right side applies to the
“superstrong” field regime (B 2 7x10"*G), in which the vacuum
resonance lies between the two photospheres.

polarization in this regime. This is illustrated in Fig. 3,
which shows fully ionized hydrogen atmosphere spectra
with B=5x%10"*G and T.z=5x 10° K; the curves illus-
trate the effect of including (““partial conv’’) or ignoring
vacuum polarization effects (see van Adelsberg and Lai,
2006). It is clear that vacuum polarization can suppress
spectral features and makes these features difficult to ob-
serve with current X-ray detectors (see, e.g., Patel et al.,
2001, 2003; Juett et al., 2002; Tiengo et al., 2002; Morii
et al., 2003).

3. Neutron star atmosphere models
3.1. Partially ionized hydrogen atmospheres

Previous works that attempted to fit the spectra of iso-
lated neutron stars (INSs) with magnetic hydrogen atmo-
sphere models assume the hydrogen is fully ionized. The
temperature obtained using these models (or simple black-
bodies) are in the range kT7°° ~40-100eV, where
T>° = Ten/(1 + z,), the gravitational redshift z, is given by
(1+z)=(1- 2GM/Rc*)~"2, and M and R are the mass
and radius of the NS, respectively. Contrast this with the
atomic hydrogen binding energies of 160 eV and 310eV
at B=10""G and 10" G, respectively. Therefore the
atmospheric plasma should be partially ionized.

Fig. 4 illustrates the spectral differences between a fully
ionized and a partially ionized hydrogen atmosphere.
The atomic fraction is <10% throughout the atmosphere.
Besides the proton cyclotron line at Ep,=
6.3(B/10'> G) eV, the other features are due to bound-
bound and bound-free transitions (see Potekhin and
Chabrier, 2003; Ho et al., 2003). In addition, the effect of
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Fig. 3. Spectra of fully ionized hydrogen atmospheres with B=5x 10" G
and T.z=5x 10° K. The solid and dotted lines are the atmospheres with
and without vacuum polarization, respectively, and the dashed line is for a
blackbody with 7= 5 x 10° K.
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Fig. 4. Spectra of hydrogen atmospheres with B=10"*G and
T.y=10°K. The solid line is for a partially ionized atmosphere, the
long-dashed line is for a fully ionized atmosphere, the short-dashed line is
for a fully ionized non-magnetic atmosphere, and the dotted line is for a
blackbody with 7' = T.g.

bound species on the temperature profile of the atmosphere
and the continuum flux is significant; thus fitting observed
spectra with partially ionized models would yield different
results than if fully ionized models are used.

3.2. Thin atmospheres

Conventional NS atmosphere models assume the atmo-
sphere is geometrically thick enough so that it is optically
thick at all photon energies (tg > 1 for all energies E); thus
the observed photons are all created within the atmosphere
layer. The input spectrum (usually taken to be a black-
body) at the bottom of the atmosphere is not particularly
important in determining the spectrum seen above the
atmosphere since photons produced at this innermost layer
undergo many absorptions/emissions. The observed spec-
trum is determined by the temperature profile and opacities
of the atmosphere. For example, atmosphere spectra are
harder than a blackbody (at the same temperature) at high
energies as a result of the non-grey opacities (see Fig. 4);
the opacities decline with energy so that high-energy pho-
tons emerge from deeper, hotter layers in the atmosphere
than low energy photons.

However, a complication in fitting observational data of
some INSs with hydrogen atmosphere models is that the
model spectra are too hard at high energies. A possible
mechansim for “suppressing” the high-energy emission is
to consider an atmosphere that is geometrically thinner
than described above, such that the atmosphere is optically
thin at high energies but is still optically thick at low ener-
gies (1 <1 for E> Ey, and 7z > 1 for E < Ey;,). Thus
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Fig. 5. Spectra of hydrogen atmospheres with B=4x10">G and
T.x= 5.3 x 10° K. The dotted and long-dashed lines are the model spectra
using the “thick” atmosphere and ““thin” atmosphere with an atmosphere
column yy=12gcem 2 respectively. The short-dashed line is for a
blackbody with the same temperature. The vertical line separates the
energy ranges where the atmosphere is optically thin (tz < 1) and optically
thick (tz>1).

photons with energies E > Ey, pass through the atmo-
sphere without much attenuation (note that their contribu-
tion to thermal balance is small if most of the energy is
emitted at E < Ey,;,). If the innermost atmosphere layer
(at temperature Ty,;,) emits as a blackbody, then the
observed spectrum at E < E,;, will just be a blackbody
spectrum at temperature 7= Ty;,. Motch et al. (2003)
showed that a ““thin” atmosphere can yield a softer high-
energy spectrum than a “thick” atmosphere and used a
thin atmosphere spectrum to fit the observations of RX
J0720.4-3125 (see also Section 4).

3.3. Condensed iron versus blackbody emission

In addition to atmosphere models in which the deepest
layer of the atmosphere is assumed to be a blackbody, we
construct (more realistic and self-consistent) models in
which this layer undergoes a transition from a gaseous
atmosphere to a condensed surface. A surface composed
of iron is a likely end-product of NS formation, and Fe
condenses at p = 561 AZ735 (B/10" G)é/SgCﬁF3 and
T < 10°3(B/10" G)z/5 K (Lai, 2001); note that there is sev-
eral tens of percent uncertainty in the condensation tem-
perature (Medin & Lai, private communication; see also
Medin & Lai, 2006a,b). Hydrogen condenses at
T~2x 10*B% K and thus requires much lower tempera-
tures. The condensed matter surface possesses different
emission properties than a pure blackbody (Brinkmann,
1980; Turolla et al.,, 2004; van Adelsberg et al., 2005;
Pérez-Azorin et al., 2005); in particular, features can
appear at the plasma and proton cyclotron frequencies.
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Fig. 6. Spectrum of RX J1856.5-3754 from optical to X-ray wavelengths. The data points are observations taken from various sources. Error bars are
one-sigma uncertainties. Optical spectra are binned for clarity: STIS data into 30 bins at a resolution of 12 A and VLT data into 60 bins at 55 A resolution.
The solid line is the absorbed (and redshifted by z, = 0.22) atmosphere model spectrum with B =4 x 102G, yuy=12gem 2, T =43x10°K, and
R°° =17 km. The dashed line is the unabsorbed atmosphere model spectrum. The dash-dotted line is the (absorbed) blackbody fit to the X-ray spectrum
with R =5 km. Note that our atmosphere model underpredicts the optical flux by 15%; however the observational and model uncertainties at these

wavelengths is ~20%.

When considering thin atmospheres, we use the calcula-
tions of van Adelsberg et al. (2005) to determine the input
spectrum in our radiative transfer calculations. We see
from Fig. 5 that the harder spectrum at high energies in
the “thick” atmosphere becomes much softer in the “thin”
atmosphere and takes on a blackbody shape. In contrast,
there is a negligible difference where the atmosphere is opti-
cally thick.

4. RX J1856.5-3754
4.1. Multi-wavelength spectrum of RX J1856.5-3754

In this section, we describe our work in fitting the multi-
wavelength spectrum of the puzzling INS RX J1856.5-3754
(see Ho et al., 2007 for details). Single temperature black-
body fits to the X-ray spectra underpredict the optical flux
by a factor of ~6-7 (see Fig. 6). X-ray and optical/UV data
can best be fit by two-temperature blackbody models with
kTS =63 eV, emission size RY = 5.1(d/140 pc) km,’

2 The most recent determination of the distance to RX J1856.5-3754 is
~160 pc (Kaplan et al., in preparation). However, the uncertainties in this
determination are still being examined. Therefore, we continue to use the
previous estimate of 140(440) pc from Kaplan et al. (2002) since the
uncertainty in this previous value encompasses both the alternative
estimate of 120 pc from Walter and Lattimer (2002) and the new value.

KTy =26¢€V, and Ry =21.2(d/140 pc) km (Burwitz
et al., 2001, 2003; van Kerkwijk and Kulkarni, 2001; Braje
and Romani, 2002; Drake et al., 2002; Pons et al., 2002; see
also Pavlov et al.,, 2002; Trimper et al.,, 2004), where
R>™ = R™(1 + z,) and R®™ is the physical size of the emis-
sion region. However, the non-detection until recently of
X-ray pulsations (down to the 1.3% level) puts severe con-
straints on such two-temperature models (Drake et al.,
2002; Ransom et al., 2002; Burwitz et al., 2003), although
it is possible that the magnetic axis is aligned with the spin
axis or the hot magnetic pole does not cross our line of sight
(Braje and Romani, 2002). With the very recent discovery of
~1% pulsations (Tiengo and Mereghetti, 2007), compari-
sons of the light curves to models has provided constraints
on the geometry (Ho, 2007, submitted for publication).
Even though blackbody spectra fit the data, one expects
NSs to possess atmospheres. The lack of any significant
spectral features in the X-ray spectrum argues against a
heavy element atmosphere (Burwitz et al., 2001, 2003),
whereas single temperature hydrogen atmosphere fits over-
predict the optical flux by a factor of ~100 (Pavlov et al.,
1996; Pons et al., 2002; Burwitz et al., 2003). However,
these previous hydrogen atmosphere results are derived
using non-magnetic atmosphere models. Only a few mag-
netic (fully ionized) hydrogen or iron atmospheres have
been considered (e.g., Burwitz et al., 2001, 2003), and even
these models are not adequate, as described in Section 3.1.
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In Ho et al. (2007), we fit the multi-wavelength spectrum
of RX J1856.5-3754 with our partially ionized hydrogen
atmosphere models and condensed matter in strong mag-
netic fields (see Section 3). Fig. 6 shows that our single tem-
perature atmosphere model can fit the entire spectrum just
as well as the two-temperature blackbody models and with-
out the large overprediction of optical/UV flux obtained by
fully ionized magnetic and non-magnetic hydrogen atmo-
sphere models. The best-fit atmosphere parameters are
given in Table 1, as well as the best-fit blackbody parame-
ters. In particular, note our more realistic NS radius
R ~ 17 km compared to the blackbody radii RY ~ 5 km
and Ry = 21 km.

4.2. Creation of thin hydrogen atmospheres

The atmosphere model fit above gives an atmosphere
column yy &~ 1-2 g cm 2. A hydrogen atmosphere with this
column density has a total mass of My~ 1x10"
(R/10 km)? (yu/1 gem™2) g or about 107! of the mass of
a 1.4M5 NS. Since the diffusion timescale is extremely
short in a high gravity environment (Alcock and Illarionov,
1980), the atmosphere contains the bulk of the total hydro-
gen budget of the NS. The origin of such thin H layers is a
problem which we now address by briefly discussing possi-
ble mechanisms for generating thin H atmospheres. We
leave a more detailed study to future work.

Accretion at low rates may create a thin hydrogen layer
on the NS surface. A thin hydrogen layer of yy =1 gcm >
has a total mass of ~6x 10~>' M. Hence the time-aver-
aged accretion rate over the age of RX J1856.5-3754
(~5x 10° yr; Walter and Lattimer, 2002; Kaplan et al.,
2002) is ~0.8 gs~'. For the case of RX J0720.4 — 3125
with yyy =0.16 gcm 2, such a mass layer may result if
the time-averaged accretion rate onto the NS is about
0.06 gs~' over 10°yr (Motch et al., 2003). Such small
amounts of accretion indicate an enormous fine-tuning
problem. Thus this process is unlikely to be the origin of
the thin hydrogen envelope.

Table 1
Fits to the X-ray data of RX J1856.5-3754
Atmosphere Blackbody
Model parameters
B (10’ G)
yu (gem?) 1.2
Fit results
Ny (10* ecm™?) 1.30(2) 0.91(1)
T (10°K) 4.34(2) 7.36(1)
R>® (d]4() km) 17 5.0
Zg 0.22(2)
;(lz./dof 0.86/4268 0.86/4269

Numbers in parentheses are 68% confidence limits in the last digit(s). The
formal fit uncertainty for R* < 10%; however, since the radius determi-
nation depends on the distance, we conservatively adopt the current ~30%
distance uncertainty as our radius uncertainty.

We next consider the possibility that the thin hydrogen
layer is a remnant from the formation of the NS. In this
case, Chang and Bildsten (2003, 2004) point out that diffu-
sive nuclear burning (DNB) is the dominant process for
determining what happens to hydrogen on the surface of
a NS. Due to the power law dependence of the column life-
time 7., on yy, DNB leaves a thin layer of hydrogen,
whose thickness depends on the thermal history of the
NS and the underlying composition. We find the column
lifetime from a full numerical solution to be 7o ~ 10" yr
for a magnetized envelope with B=10"G and
Tl ~ 108 yr for B=10"G (assuming M =14 M,
R=14km, T.;=5x10°K, and yy=1gem 2). The
shorter column lifetime for higher magnetic fields is due
to the effect of the magnetic field on the electron equation
of state, which increases the hydrogen number density in
the burning layer (Chang et al., 2004). Thus there is insuf-
ficient time at the current effective temperature to reduce
the surface hydrogen to such a thin column, assuming that
the age of RX J1856.5-3754 is ~5 x 10° yr. However, DNB
was much more effective in the past when the NS was hot-
ter. In fact, during the early cooling history of the NS,
DNB would have rapidly consumed all the hydrogen on
the surface (Chang and Bildsten, 2004). This leads to
another fine-tuning problem: if we fix the lifetime of an
envelope to some value representing the time the NS
spends at a particular temperature, we find that the result-
ing column scales like yy o T’ (Chang and Bildsten,
2003); therefore, the size of the atmosphere is extremely
sensitive to the early cooling history of the NS. As a result,
DNB appears to be a less likely mechanism for producing
such thin atmospheres.

Finally, we briefly examine a self-regulating mechanism
that is driven by magnetospheric currents and may produce
thin hydrogen columns on the surface. Since the accelerat-
ing potential could be as high as 10 TeV (Arons, 1984),
high energy particles would create electromagnetic cas-
cades on impact with the surface (Cheng and Ruderman,
1977). These cascades result in e/y dissociation of surface
material, analogous to proton spallation of CNO elements
in accreting systems (Bildsten et al., 1992). Protons would
be one of the products of this dissociation and would rise
to the surface due to the rapid diffusion timescale. Since
protons cannot further dissociate into stable nuclei, a
hydrogen layer is built up to a column roughly given by
the radiation length of the ultrarelativistic electrons,
beyond which hydrogen can no longer be produced and
the above mechanism terminates. The radiation length of
ultrarelativistic electrons depends on the stopping physics.
In the zero magnetic field limit, the stopping physics is
dominated by relativistic bremsstrahlung, and the cross-
section is o ~ ocperé, where ap = ?/hic is the fine structure
constant, Z is the charge number of the nuclei, and ry =
e*/mec? is the classical electron radius (Bethe and Heitler,
1934; Heitler, 1954). This gives a stopping column
Vstop ~ 3000 gecm > for hydrogen. Bethe and Ashkin
(1953) and Tsai (1974) give a more accurate value,
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Vstop ~ 60 g cm 2, for the stopping column of atomic
hydrogen; thus it appears that the resulting columns are
too thick. However, for sufficiently strong magnetic fields,
the stopping physics of ultrarelativistic electrons is signifi-
cantly modified, and the dominant stopping mechanism is
via magneto-Coulomb interactions (Kotov and Kel’ner,
1985; see also Kotov et al., 1986). In magneto-Coulomb
stopping, relativistic electrons traveling along field lines
are kicked up to excited Landau levels via collisions and
de-excite, radiating photons with energy yfiwpg, where fiwp
is the Landau cyclotron energy and y is the Lorentz factor
of the incoming electron. Compared to zero-field relativis-
tic bremsstrahlung, the magneto-Coulomb radiation length
is smaller by a factor of ~nar (Kotov and Kel’ner, 1985).
Applying the correction to the Bethe and Ashkin (1953)
result (Ysiop ~ 60 gem ), we find this gives roughly the
required thin atmosphere column, yyop~1g cm 2.
Though extremely suggestive, this mechanism requires a
more complete study and is the subject of future work
(see, e.g., Thompson and Beloborodov, 2005; Beloborodov
and Thompson, 2007).

5. Mid-Z element atmospheres

Recent observations by Chandra and XM M-Newton
detected spectral features from other INSs; a single or mul-
tiple absorption features were found (Haberl et al., 2003,
2004; van Kerkwijk et al., 2004; Schwope et al., 2005; Zane
et al., 2005; Haberl, in press) and two broad absorption
features were detected from 1E 1207.4—5209 (Sanwal
et al., 2002; Mereghetti et al., 2002; Mori et al., 2005). In
fact, 1E 1207.4-5209 is unique among these INSs since
one of the features appears above 1 keV, while the other
INSs have absorption features at £ = 0.2-0.7 keV.

Even though the NS surface composition is thought to
more likely be composed of hydrogen, hydrogen atmo-
spheres cannot produce strong spectral features at
E = 1keV because (1) the binding energy of a hydrogen
atom never exceeds ~1 keV at any B-field (Lai, 2001; San-
wal et al., 2002), (2) QED effects significantly reduce line
strengths at B 2 7x10"* G (see Section 2), and (3) the
fraction of hydrogen molecular ions (which may have tran-
sition lines above 1 keV; Turbiner and Ldépez, 2004) is neg-
ligible (Potekhin and Chabrier, 2004). Therefore, spectral
features at = 1keV (such as the 1.4 keV absorption line
of 1E 1207.4-5209) suggest a non-hydrogenic element
atmosphere on the NS surface (Sanwal et al., 2002; Hailey
and Mori, 2002; Mori and Hailey, 2006). Also, theoretical
studies suggest that a hydrogen layer on the surface may be
quickly depleted by diffuse nuclear burning or pulsar
winds, thus exposing the heavier elements that lie under-
neath (Chang and Bildsten, 2004; Chang et al., 2004; see
Section 4.2). Therefore, we have undertaken to building
NS atmospheres composed of mid-Z elements, in particu-
lar carbon, oxygen, and neon,; details are contained in Mori
and Ho (2007). In contrast to hydrogen opacities, mid-Z
element opacities are dominated by numerous bound tran-
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Fig. 7. Spectra of carbon atmospheres with B=10">G and effective
temperatures Teg= 1, 3, and 5 x 10° K. The dashed lines show hydrogen
atmosphere spectra with the same B and T.g, and the dotted lines show
blackbody spectra with 7= Tg.

sitions; consequently temperature profiles are closer to grey
profiles and spectra are softer than hydrogen spectra and
close to blackbody spectra. An example is shown in
Fig. 7. The mid-Z element spectra are even softer than
blackbody in the Wien tail due to photo-absorption edges
(at ~1.5-2keV for 10> G). At higher energy, the spectra
become harder in order to maintain radiative equilibrium.
A similar feature is seen in the magnetized iron atmosphere
models of Rajagopal et al. (1997). This appears to be a
common signature of heavy element atmospheres. Using
the results of Mori and Ho (2007), we will fit the observa-
tions of 1E 1207.4-5209 and several other INSs.

In summary, we discussed our continuing work on
understanding the emission processes of NS atmospheres.
We find that vacuum polarization and the presence of
bound species in hydrogen and mid-Z elements can
strongly influence the interpretation of observations of
NSs made by modern and future spacecraft, such as Chan-
dra and XM M-Newton.
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