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Structures of cyclotron lines in the presence of non-dipole
magnetic field near the surface of neutron star

NISHIMURA Osamu*

We calculate the cyclotron lines in neutron star atmosphere assuming the surface magnetic field to
be the superposition of the star-centered global dipole d and the crust-anchored dipole moment m which
was modeled by Gil et al. We study how the crust-anchored dipole moment influences the properties of
the cyclotron resonant scattering lines. When the extra dipole makes the magnetic field strength increase
with altitude in the line-forming region, i.e. the sign of m is the minus, the structures of the cyclotron
resonant scattering lines indicate broader line at the first harmonic and the ratio of the second to the first
at the centroid energies of the cyclotron line is less than 2. This is consistent with the features observed
in some X-ray pulsars. Thus, this may suggest that the strength of the magnetic field increases with the
height of slab in line-forming region. In the atmosphere with the emission region in the middle of that,
the cyclotron feature has only one emission line in either the redwing or bluewing due to the distribution
of different strength of the magnetic field, although it has two emission lines in both the redwing and
bluewing in an atmosphere threaded by an uniform magnetic field.
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1. Introduction

Cyclotron lines in the spectra of neutron stars
provide a powerful tool to measure directly the
magnetic field strength of neutron stars. They
have been observed in the spectra of more than
10 accretion-powered X-ray pulsars and indicate
commonly broad and shallow features (Coburn et
al. 2002). Makishima et al. (1999) point out that
observed line widths are somewhat larger than
those expected by thermal Doppler effects of the
electrons. This probably suggests that other fac-
tors, which for example is the magnetic field vari-
ations and so on, contribute to the line widths.

The crust gives rise to small-scale anomalies
which can be modeled by a number of crust-
anchored dipoles oriented in different directions
(Blandford et al. 1983; Arons 1993). Gil et al.
(2002) considered the scenario where the mag-
netic field on the surface of a neutron star is non-
dipolar assuming the presence of both the fossil
field in the core and the crustal field structures.
They modeled the actual surface magnetic field
by superposition of the star-centered global dipole
d and a crust-anchored dipole moment m, whose
influence results in small-scale deviations of the
surface magnetic field from the global dipole.

In the present paper, we employ Gil’s (2002)
model to investigate the influence of non-dipole
magnetic field near the surface of neutron stars
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on the structures of the cyclotron lines. In one di-
mension, we solve the radiative transfer through
the atmosphere near the surface of the neutron
star with non-dipole magnetic field, which is
obtained by calculating the star-centered global
dipole field Bg4 plus a crust-anchored dipole field
B, Bs = B4 + Bn,.

The paper is organized as follows. In Section
2 we describe the surface magnetic field we em-
ployed. In Section 3, we present the spectra cal-
culated by our model and discuss the effects of
non-dipole magnetic field on the properties of cy-
clotron lines. we summarize our results and con-
clude in Section 4.

2. Surface magnetic field

According to Urpin et al. (1986), the magnetic
field near the surface of neutron stars has non-
dipolar component. The field configuration likely
consists of a number of magnetic spots with typ-
ical size ~ 100 m. Moreover, Gil & Mitra (2001)
demonstrate that only the presence of strong non-
dipolar surface magnetic field can favor such vac-
uum gap formation. We calculate the cyclotron
lines in the atmosphere penetrated by the surface
magnetic field which is calculated by using model
proposed by Gil et al.(2002) Gil et al. (2002)
modeled the actual surface magnetic field by su-
perposition of the star-centered global magnetic
dipole d and the crust-anchored local dipole mo-
ment m.

The resultant surface magnetic field is

B, = Bg + B (1)
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Figure 1 Schematic diagram of the atmosphere
threaded by superposition of the star-centered
global magnetic dipole “d” and crust-anchored lo-
cal dipole “m” placed at rs in one dimension.
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where rq 1s vector pointing the location of crust
anchored dipole moment in considering the neu-
tron star center as the origin. There are small-
scale deviations of the surface magnetic field from
the global dipole.

Gil et al.(2002) mostly consider an axially sym-
metric case in which both d and m are directed
along the z-axis(parallel or antiparallel). Since
we consider the magnetic field in one dimension
as shown in Fig. 1, the global dipole and the
crust anchored dipole magnetic field is respec-
tively given by
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As a result, the resultant surface magnetic field
is described by

2d 2m
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We calculate the X-ray spectra by solving ra-
diative transfer through the atmosphere threaded
by the magnetic field given by equation (6). The
values of parameters m and r; are assumed to be
+1.2258 x 10~* and 0.95R in our works, respec-
tively. Here, R is the radius of neutron star which
is assumed to be 10® cm in the present paper.

We consider two cases of 1-0 geometry and 1-1
geometry for the boundary conditions( Isenberg
et al. 1998). 1-0 geometry is the column depth
between the source plane and the bottom of the
slab is zero, i.e., a slab illuminated from below. 1-
1 geometry is a slab with the source plane embed-
ded in the middle of the slab. An initial injected
photon distribution is assumed to be power-law.

3. Results

Within this simple model of a non-dipole sur-
face magnetic field By one should expect that
both cases m-d > 0 and m-d < 0 will oc-
cur with approximately equal probability. We
investigate the properties of the cyclotron reso-
nant scattering lines for both cases m -d > 0 and
m-d < 0 in the 1-0 and 1-1 geometries. We as-
sumed m to be £1.2558 x 10~*.

3-1 the sign of m is positive

3—1-1 1-0 geometry 1-0 geometry means
that the photon source illuminates the line-
forming region from below, which may correspond
to a line-forming region in the magnetosphere of
neutron star. Figure 2 shows the cyclotron lines
formed through the atmosphere with the height
of 100 m in 1-0 geometry. When the value of m
is positive, the features of the cyclotron lines are
very similar to those which are obtained by as-
suming dipole magnetic field in the line-forming
region (Nishimura 2003). The ratio of the cen-
troid energies of the second harmonic line to the
first therefore is more than 2. The emission lines
at the blue wing are formed in the first harmonic
lines due to photon spawning from resonant Ra-
man scattering at higher harmonics in a different
strength of the magnetic field, which is the su-
perposition of the star-centered global dipole d
and the crust-anchored dipole moment m. Note
that the cyclotron lines formed through the at-
mosphere threaded by non-dipole magnetic field
show these features even in the cyclotron line-
forming region with the height of about 100 m,
while the width of the line-forming region is re-
quired to be more than about 500 m in the case
of the atmosphere threaded by a dipole magnetic
field.

In observation, two cyclotron absorption lines
were also detected in the average spectrum of
the high mass X-ray binary 4U 1907409 observed



Structures of cyclotron lines in the presence of non-dipole magnetic field near the surface of neutron star 7

with the BeppoSAX satellite on 1997 September
27 and 28 (Cusumano et al.1998). They reported
that the second line appears deeper than the first
line. The ratio of the centroid energy of the sec-
ond line with respect to the first line is also more
than 2, in which two absorption features were de-
tected at 18.8 keV and 39.4 keV respectively. This
ratio may be attributed to the distribution of the
magnetic field strength. According to Kreyken-
bohm et al. (1999), the ratio of the centroid en-
ergies seems to be also more than 2 in the ac-
creting X-ray pulsar Vela X-1. They reported
that the second harmonic line seems not to be
coupled by a factor of 2 in centroid energy to
the fundamental, but by a factor of 2.3 to 2.5
instead. In these X-ray pulsars, we can explain
these ratios by considering either the extended
atmosphere threaded by a dipole magnetic field
or the small-scale atmosphere threaded by a non-
dipole magnetic field which is generated by the
superposition of the star-centered global dipole
and the crust-anchored local dipole moment with
a positive sign. The structures of the lines, how-
ever, are different from broad and shallow lines
generally seen in the X-ray spectra observed in
accretion-powered X-ray pulsars.

3-1-2 1-1 geometry 1-1 geometry means
that the photon source is embedded in the line-
forming region, which. may correspond to a line-
forming region on or near the surface of a neutron
star in an accretion column. When the height of
the atmosphere is 100m, the properties of the line
features in the first harmonic significantly change.
The emission features in the blueward wing are
formed as in the case of 1-0 geometry, but be-
come even stronger. This is due to emission fea-
ture formed in the source plane by line photons
crossing the source plane many times. Moreover,
this emission feature in the source plane is formed
over the broad energy band corresponding to the
various strengths of the magnetic field which ex-
ist in the line-forming region. After the forma-
tion of emission feature in the source plane, the
absorption feature is formed in the upper atmo-
sphere penetrated by the magnetic field weaker
than that in the lower atmosphere. Consequently,
strong asymmetry structures come to be formed
in the first lines. The properties of the line fea-
tures in the higher harmonics, however, do not
significantly change, since the resonant scattering
in the higher harmonics is nearly pure absorption
due to resonant Raman scattering. When m > 0,
the structures of the cyclotron lines in 1-1 geome-
try are relatively similar to those in 1-0 geometry.

It would be difficult to form the broad and shal-
low line feature at the first harmonic , as seen in
observed X-ray spectra, in considering the atmo-
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Figure 2 Spectra for slab thickness of 10* cm,
an electron number density of N, = 6.0 x 10%!
electron cm™2, the temperature kT=5 keV, 1-
0 geometry and the crust-anchored dipole mo-
ment m > 0. The solid, dashed, dot-dashed,
thick-dotted curves represent spectra for y =
0.1834,0.5255,0.7967, and 0.9603, respectively.
The dotted line denotes the power-law spectrum
with o = 1 emitted at the source plane.

sphere penetrated by the global dipole plus crust
anchored dipole magnetic field with dipole mo-
ment m > 0, because photon spawning from res-
onant Raman scattering at the higher harmonics
tends to convert the broad structures of the lines
to one absorption plus one blueward emission-like
feature.

3-2 the sign of m is negative

3—-2-1 1-0 geometry When the sign of m
is negative, the features of the cyclotron lines in
the first harmonic become very broad and shal-
low as shown in fig. 4. Moreover, the ratio of the
centroid energies of the second harmonic line to
the first is less than 2, which has actually been
observed in 4U 0115+63 (Heindl et al. 1999),
X0115+63 (Santangelo et al. 1999). Heindl et
al. (1999) discovered a third harmonic CRSF in
observations of outburst of 4U 0115463 with the
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Figure 3 Same as figure 2, but for 1-1geometry.

RXTE. The spectrum in a narrow pulse phase
range shows CRSFs at 12.4010-52,21.451 023 and
33.56F37% keV. The CRSFs are not harmonically
spaced with the centroid energy ratios to the fun-
damental of 1.73 + 0.08 and 2.71 & 0.13. They
inferred that the second and third harmonics pos-
sibly originate at opposite poles, since the second
and third harmonics are most significant in the
main and secondary pulses, respectively.
Moreover, the four absorption-like features
were observed in the spectrum of the recurrent
hard pulsating X-ray transient X0115+63 with
BeppoSAX (Santangelo et al. 1999). The ratios
between the centroid energies of the lines with
respect to the first are 1:(1.9):(2.8):(3.9). These
ratios are significantly different from the classical
values 1:2:3:4. They however pointed out that
this result can be attributed entirely to the value
of the centroid of the first harmonic, i.e., for a
power-law plus cutoff model, the first harmonic
would be at 12.79 4 0.05 keV, while a fit to the
other three harmonics gives a spacing of 12.02 +
0.02 keV. The determination of its centroid en-
ergy could be responsible for a somewhat inade-
quate modeling of the continuum, since the first

harmonic line is located close to the energy inter-
val over which the slope of the X-ray spectrum
steepens rapidly.

However, our models can explain these ratios
assuming the presence of the crust-anchored lo-
cal dipole moment with m < 0. This extra dipole
moment with the minus sign would make the to-
tal magnetic field strength increase with altitude,
so that the ratios between the centroid energies of
the lines with respect to the first become smaller
than the classical value. The reason is as fol-
Jow: The first harmonic line is formed by reso-
nant scattering, while the higher harmonic lines
are formed by almost absorption process due to
Raman scattering. The effect of scattering at the
first harmonic make the peak of the absorption
line generated in the upper atmosphere, since the
transfer of photon in energy due to the effect of
scattering buries the other part of the line core
(Nishimura 2003). Consequently, the peak energy
of the absorption line at the first harmonic tends
to become the value corresponding to the stronger
magnetic field than those of the absorption lines
at the higher harmonics. Thus, the peak energy
of only first harmonic line significantly deviates
from the integer ratio in the centroid energies of
the cyclotron lines due to the effect of scatter-
ing. As a result, the higher harmonic lines would
almost show a harmonic relationship with a spac-
ing of half of the centroid energy of the second
harmonic line while the first harmonic line would
not. The feature of this deviation is consistent
with the results observed in some acrreting X-ray
pulsars, such as X01154-63.

These features in the cyclotron lines could be
formed when the magnetic field strength is in-
versely proportional to the distance from the
emission region. The fact that the ratios between
the centroid energies of the lines with respect to
the first are less than integer value may therefore
suggest that the strength of the magnetic field
increases with altitude or horizontal direction.

3—2-2 1-1geometry In 1-1geometry, the
structures of the first harmonic lines, which have
one broad emission and absorption features, are
different from one broad absorption line in the
1-0 geometry as shown in figure 5. In a slab
threaded by a uniform magnetic field, the struc-
tures of the cyclotron lines at the first harmonic
have two strong emission lines at both sides of an
absorption line for 1-1 geometry. Consequently,
the equivalent widths of absorption lines formed
in 1-1 geometry are smaller than those formed
in 1-0 geometry. First, we see that the struc-
tures of the first harmonic lines are much broader
than those through the atmosphere threaded by
the uniform magnetic field. Moreover, these have
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Figure 4 Spectra for slab thickness of 500 cm,
an electron number density of N, = 3.0 x 10%°
electron cm™2, the temperature kT=5 keV, 1-
0 geometry and the crust-anchored dipole mo-
ment m < 0. The solid, dashed, dot-dashed,
thick-dotted curves represent spectra for g =
0.1834,0.5255,0.7967, and 0.9603, respectively.
The dotted line denotes the power-law spectrum
with a = 1 emitted at the source plane.

the structures of shallow lines as observed in ac-
creting X-ray pulsars, which were not able to be
reproduced only by global dipole field (Nishimura
2003). Next, we see that the ratios of the centroid
energies of the line at the second to the first are
less than those in a slab threaded by a uniform
magnetic field. The ratios of the peak energies
of the higher harmonic absorption lines with re-
spect to the first are 1:1.89:2.76, where the peak
energies of the each harmonic absorption line in-
dicate 36.1 keV, 68.2 keV, 99.7 keV, respectively.
This is because the centroid energy in the first
harmonic line corresponds to stronger magnetic
field in the line-forming region than those in the
higher harmonic lines. The centroid energy of
the second harmonic line therefore corresponds
to weaker strength of the magnetic field than that
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Figure 5 Spectra for slab thickness of 103 cm,
an electron number density of N, = 6.0 x 10%°
electron cm™2, the temperature kT=5 keV, 1-
1 geometry and the crust-anchored dipole mo-
ment m < 0. The solid, dashed, dot-dashed,
thick-dotted curves represent spectra for u =
0.1834,0.5255,0.7967, and 0.9603, respectively.
The dotted line denotes the power-law spectrum
with o = 1 emitted at the source plane.

of the first in the same as 1-0 geometry. This re-
sult is consistent with the features of the ratios
of the centroid energies observed in 4U 0115463
(Heindl et al.1999) and X0115+63 (Santangelo et
al. 1999).

The presence of the crust-anchored local dipole
moment with the minus sign make these lines
broader and shallower compared to the case of
the crust-anchored local dipole moment with the
positive sign. The reasons are as follow. In the
case of dipole moment with the positive sign, pho-
ton spawning from resonant Raman scattering at
the higher harmonics tends to produce an emis-
sion feature at blueward of an absorption line.
Thus, broad structure of the absorption line is not
formed in spite of the presence of different mag-
netic field strengths for the case of crust-anchored



10 NISHIMURA Osamu

local dipole moment with the positive sign.

4. Conclusions

We investigate the influence of non-dipole mag-
netic field on the structures of the cyclotron lines
assuming the surface magnetic field to be su-
perposition of the star-centered global dipole d
and the crust-anchored dipole moment m. When
m > 0, the properties of the cyclotron reso-
nant scattering lines are similar to those formed
through a slab threaded by a dipole magnetic
field(Nishimura 2003). Cyclotron lines become
broad and deep due to the intense strength vari-
ation of non-dipole magnetic field even for rela-
tively thin slab ~ 10% cm. This result is not con-
sistent with the cyclotron absorption features ob-
served in accreting X-ray pulsars, since observed
features are broad but shallow. When m < 0,
the structures of the cyclotron resonant scatter-
ing lines in the first harmonic, however, are much
broader and shallower than those in the case of
m > 0 as shown in section 3. Our calcula-
tions show that the broad line structures could
be formed for m < 0. In particular, the struc-
tures of the cyclotron lines calculated for 1-1 ge-
ometry and m < 0 are similar to those in pulse
phase spectra of Her X-1 observed by HEAO 1
(Soong et al 1990), as shown in Fig. 9. Moreover,
the ratios of the centroid energies of the line at
the second to the first are less than those formed
through a slab threaded by an uniform magnetic
field. This result is consistent with the ratios of
the centroid energies detected in observation of
4U 0115463 with the RXTE(Heindl et al. 1999)
and X0115+63 with BeppoSAX (Santangelo et al.
1999). This may suggest that the magnetic field
strength in the line-forming region increases with
the distance from the emission region.

In conclusion, the broad and shallow structures
of the first harmonic lines and non-harmonicity in
the ratios of the centroid energies of the line at
the higher harmonics to the first in the cyclotron
absorption lines in X-ray spectra of accreting X-
ray pulsars may imply that magnetic fields in the
line-forming region could have the structures such
that the field strength increases with height or
horizontal direction. The peak energy of the first
harmonic absorption line shifts to redward of line
center as m > 0 and blueward of line center as
m < 0, since the cyclotron resonant process at
the first harmonic is scattering. The peak en-
ergy of the second harmonic absorption line does
not basically shift, since the opacity at the sec-
ond harmonic does not depend on the strength of
the magnetic field. The peak energy of the third
harmonic absorption line shifts more or less to

blueward of line center as both m > 0 and m < 0,
since the opacity at the third harmonic depends
on the strength of the magnetic field. Conse-
quently, the peak energy of the third harmonic
absorption line would tend to become higher than
three times half of the centroid energy of the sec-
ond harmonic. This result is consistent with fea-
ture detected in observation such as 4U 0115463

(Heindl 2004 et al.). '
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