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ABSTRACT

We show that the observed pulsed optical emission of the anomalous X-ray pulsar 4U 0142+61 can be
accounted for by both the magnetar outer gap models and the disk-star dynamo gap models; therefore, there is no
evidence favoring only one of these models as its responsible mechanism. Nevertheless, the estimated high-
energy gamma-ray spectra from these models have different power-law indices and can be tested by future
observations with the Gamma-Ray Large Area Space Telescope (GLAST ). Furthermore, we show by analytical
estimations that the expectations of a standard disk model are in agreement with the observed unpulsed optical
and infrared luminosities of the AXP 4U 0142+61.

Subject headings: accretion, accretion disks — pulsars: individual (4U 0142+61) — stars: neutron —
X-rays: bursts

1. INTRODUCTION

Anomalous X-ray pulsars (AXPs) are neutron stars (NSs)
that are characterized by their persistent X-ray luminosities
(LX � 1034 1036 ergs s�1), which are well above that expected
from rotation. Observations show no evidence for the exis-
tence of massive companions. Their periods are clustered in
a remarkably narrow range (P � 6 12 s). Some of the AXPs
belong to supernova remnants (SNRs), which shows that they
are young objects (see Mereghetti et al. 2002 for a review of
AXPs). The X-ray luminosities, periods, and blackbody tem-
peratures of AXPs are similar to those of soft gamma-ray
repeaters (SGRs; see Hurley 2000 for a review). Furthermore,
recently reported SGR-like bursts from two of the AXPs
(Kaspi & Gavriil 2002; Gavriil, Kaspi, & Woods 2002) imply
that these sources probably have similar origins.

Magnetar models (Duncan & Thompson 1992; Thompson
& Duncan 1995) are successful in explaining the fluences and
the luminosities of the normal (LP1042 ergs s�1) and the giant
(Lk1044 ergs s�1) super-Eddington bursts of SGRs. In the
magnetar models, surface magnetic fields are k1014 G, and a
huge release of magnetic energy through instabilities from
inside the NS is the source of these bursts. The persistent
thermal X-ray emission was suggested to be due to the surface
heating by magnetic field decay, while the particles acceler-
ated in the magnetosphere by the Alfvén waves produced by
the small-scale fractures on the NS surface could be the source
of the nonthermal emission (Thompson & Duncan 1996).
Spin-down torque is provided by the magnetic dipole radia-
tion. Despite the success of the magnetar model in explaining
the burst energetics, it can only account for the period clus-
tering of SGRs and AXPs in one set of decay models with
special conditions (Colpi, Geppert, & Page 2000).

On the other hand, fallback disk models, which have dif-
ficulties in explaining the short timescales of the super-
Eddington bursts, can account for the period clustering and
the persistent X-ray emission of these sources (Chatterjee,
Hernquist, & Narayan 2000; Alpar 2001; Marsden et al.

2001). The enhancement phase of the persistent X-ray emis-
sion following the giant flare of the SGR 1900+14 can be
explained by the postburst release of the inner disk, which
has been pushed back by the burst energy (Ertan & Alpar
2003; see also Lyubarsky, Eichler, & Thompson 2002 for an
explanation based on the crust cooling after being heated
by the burst energy). Moreover, it has been shown that the
young NSs with fallback disks can produce AXPs within the
timescales of the ages of their associated SNRs with rea-
sonable parameters (Chatterjee & Hernquist 2000; EkYi &
Alpar 2003a, 2003b).
Magnetar models have no detailed predictions for the IR

and optical emissions seen from the AXPs, which, in this
work, is one of our main concerns regarding the disk models.
Out of five observed AXPs (and two candidates), four sources
were reported to have IR counterparts (Kaspi, Gavriil, &Woods
2002; Israel et al. 2002, 2003). One of them (4U 0142+61)
was also detected in the R band (Hulleman, van Kerkwijk, &
Kulkarni 2000). The optical/IR luminosities of these AXPs
lie above the extrapolation of the blackbody components of
their X-ray spectra (Hulleman et al. 2001; Wang & Chakrabarty
2002; Israel et al. 2003), indicating different origins for the
optical/IR emission and the thermal X-rays likely to be
emitted near the NS surface. The observed ratio of the total
R-band luminosity to the X-ray luminosity is �1:4� 10�4 for
AXP 4U 0142+61 (Hulleman et al. 2000; Hulleman 2002),
claimed to be too low for the origin of the optical light to
be an accretion disk. Kern & Martin (2002) reported that the
optical emission (in the R band) from AXP 4U 0142+61 has a
pulsed component with a pulsed fraction hR ’ 0:27, which is
much higher than the X-ray pulsed fraction of �5% (1–2 keV),
which strongly suggests different emission sites for the pulsed
X-ray and optical emissions. It was argued that the pulsed
optical radiation is an indication that AXPs are magnetars.
In this work, we show that the pulsed optical emission can

be accounted for by both the disk-star dynamo gap model
(Cheng & Ruderman 1991) and the magnetar outer gap model
(Cheng & Zhang 2001) and does not exclude one or the other
(x 2 and x 3). In x 4, we show that the two models can be obser-
vationally tested through their expected different high-energy1 Also at: Sabanc5 University, Orhanl5-Tuzla 34956, Istanbul, Turkey.
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gamma-ray spectral characteristics. Furthermore, in x 5, we
show by analytical estimations that the R- and K-band lumi-
nosities expected from a standard disk model are in agreement
with the observations of the AXP 4U 0142+61.

2. DISK-STAR DYNAMO MODEL

For simplicity, we consider a NS dipole magnetic field that is
aligned with the spin axis. When the inner rim of a Keplerian
disk rotates faster than the neutron star, a gap (accelerator) is
formed around the null surface (6 GB ¼ 0), separating the
charges in the magnetosphere. The electromotive force of the
disk-star dynamo (see Cheng & Ruderman 1991 for details;
CR91 hereafter) is given by

EðrÞ ¼
Z r

r0

�KðrÞ � ��½ �BzðrÞ
r dr

c
; ð1Þ

where BzðrÞ is the vertical component of the magnetic field
through the disk, �KðrÞ is the local Keplerian angular velocity
of the disk, �� is the angular frequency of the NS, and r0 is the
inner radius of the disk. In a stationary gap, the electromotive
force is balanced by the potential drop Vg across the gap.
Substituting �KðrÞ ¼ ðGM=r3Þ1=2 into equation (1) and ne-
glecting the effects of inflowing disk matter, we obtain
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where R�, B�, andM� are the radius, surface magnetic field, and
mass of the NS respectively. Whether the gap is closed or open
depends on how close the corotation radius rc ¼ ðGM=�2

�Þ
1=3

is to the inner disk radius r0. If r0 is less than 1:8rc, the gap
cannot close (the geometry of the open and closed gaps are
given in Figs. 2 and 3 of CR91). In the limit ��T�Kðr0Þ, the
potential drop in equation (2) can be as high as

EðrÞ � 4� 1014r
5=2
0;8 B�;12

M

M�

� �1=2

R3
�;6 1� r0

r

� �5=2� �
V; ð3Þ

where we use the notation A ¼ A; i � 10i. This potential drop
can only be reached by a static gap in which the pair pro-
duction is negligible. In a more realistic stationary gap, the
potential drop Vg is limited by the flow of electrons and
positrons through the gap, especially when there are copious
amounts of X-ray photons traversing the gap. The X-rays are
upscattered by the inverse Compton collisions with the gap-
accelerated electrons and positrons. The gamma rays produced
by these inverse Compton scatterings create secondary e�eþ

pairs through the collisions with the X-rays. These secondary
pairs emit synchrotron emission out of the gap, and we test
whether this is responsible for the observed pulsed optical
emission. For such a pair production–limited gap, the maxi-
mum potential drop can be estimated as

Vg ¼ 6� 1010LX;36
hEXi
1 keV

� ��1

B
�1=2
�;12 R�1

�;6 V ð4Þ

(CR91). The energies of the primary pairs accelerated in this
potential drop Vg are limited by their collisions with the X-ray
photons. On the other hand, the gap power is limited by the

power of the inflowing disk matter from rc down to the inner
disk radius r0,

Pg � GMṀ
1

r0
� 1

rc

� �
: ð5Þ

The inner disk radius can be written as

r0 ’ �
rA

2
¼ 2:9� 108�L

�2=7
X;36 B

4=7
�;12

M�

M�

� �1=7

R
10=7
�;6 cm ð6Þ

(Ghosh & Lamb 1979), where rA is the Alfvén radius and
� � 1. For the AXP 4U 0142+61, rc � 7� 108 cm, and the
X-ray luminosity is LX ¼ 6:5� 1035 ergs s�1 for a source
distance of d ¼ 3 kpc. Hulleman et al. (2000) reported d to be
greater than 2.7 kpc. The accretion rate is related to the X-ray
luminosity through Ṁ ¼ LXR�=GM � 3:4� 1015 g s�1. Then
equations (5) and (6) give a gap power of Pg � 1� 1033 ergs
s�1. The fraction of the gap power that is taken out of the gap
by the secondary pairs depends on the pair production opti-
cal depth of the X-rays to primary gamma rays. The density of
the thermal X-ray photons at r � r0 can be estimated as

hni � LX

4�ðr0Þ2chEXi
� 1016 cm�3; ð7Þ

where hEXi � 3kT is the typical energy of the X-rays. For 4U
0142+61, 3kT � 1:2 keV (Israel et al. 1999; Paul et al. 2000;
Mereghetti et al. 2002; Juett et al. 2002). The optical depth for
the pair production of the primary gamma rays with the soft
X-rays becomes

� � hni�pl � ð1016 cm�3Þð10�25 cm2Þð5� 108 cmÞ � 0:5;

ð8Þ

where �p � 10�25 cm2 is the cross-section for the pair pro-
duction and l � r is the length of the gap along the field lines
(l can exceed r considerably because of the azimuthal winding
of the magnetic field lines across the gap). Equation (8) im-
plies that about half of the gap power is transferred to the
secondary e�eþ pairs. We investigate whether the synchro-
tron emission from these secondary pairs just out of the gap
can account for the observed optical pulsed emission from
AXP 4U 0142+61.

Energy distribution of the secondary e�eþ pairs can be
approximated as

Ne � ��2 ln
�max

�

� �
ð9Þ

(Cheng, Ho, & Ruderman 1986), where � is the Lorentz factor
of the secondary electrons and positrons such that �min < � <
�max. The synchrotron energy spectrum from these secondary
pairs is given by

f ðE�Þ /
Z �max

�min

d� Neð�ÞFðxÞ; ð10Þ

where FðxÞ ¼ x
R1
x

K5=3ðyÞ dy, K5=3ðyÞ is the modified Bessel
function, x ¼ E�=Esyn, and Esyn ’ ð3=2Þ�2fðeB=mecÞ. The
observed energy spectrum becomes

F ðE�Þ �
1

��d2
f ðE�Þ; ð11Þ
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where �� is the beaming solid angle of the synchrotron
emission and d is the distance to the source. The total syn-
chrotron luminosity Lsyn is found by integrating f ðE�Þ over all
frequencies. The lower cutoff of the spectrum is determined
by the minimum Lorentz factor �min of the secondary pairs,
which we take to be 1. The maximum Lorentz factor of the sec-
ondary pairs is �max � ð1 MeVÞ=hExi � a few � 103 (Cheng
et al. 1986; Cheng & Ding 1994). Since the exact posi-
tion of �max does not affect the results significantly, we take
�max ¼ 3� 103. The synchrotron radiation is emitted at a radial
distance rk r0, where the magnetic field strength reduces to
about �3� 104 G for a dipole field with B� � 1012 G on the
surface of the NS. The resulting photon spectrum of the syn-
chrotron emission is given in Figure 1.

Our aim is to compare the pulsed optical luminosity in the R
band in the model with that of the observations. The ratio of
the observed optical luminosity in the R band (�1.7–2.1 eV)
to the X-ray luminosity was reported to be �1:4� 10�4 from
the unabsorbed fluxes (Hulleman et al. 2000) with a pulsed
fraction of the optical light of hR � 0:3 (Kern & Martin 2002).
Then, the observed pulsed R-band luminosity is LobsR � 2:5�
1031ð��=4�Þ ergs s�1 for LX ’ 6� 1035 ergs s�1, where ��
is the beaming angle of the synchrotron emission. To compare
our results with the observations, we calculated the ratio of the
synchrotron R-band luminosity to the total synchrotron lumi-
nosity and found that LR=Lsyn � 1� 10�2. Since the pair pro-
duction optical depth provided by the soft X-rays to the primary
gamma rays is around 1=2, Lsyn � Pg=2 � 5� 1032 ergs s�1

for the AXP 4U 0142+61, which means LR � 5� 1030 ergs
s�1. For a beaming angle �� � 2:5, the optical pulsed lumi-
nosity estimated by the disk-star dynamo model is in agree-
ment with the observations.

3. MAGNETAR MODEL

The possible gamma-ray emission properties from the outer
gaps for both AXPs (with soft thermal X-ray input) and SGRs
(including the effect of the hard X-ray component) have been
worked out in detail by assuming dipole magnetar fields with
B�k1014 G (Cheng & Zhang 2001; Zhang & Cheng 2002). In
the outer gap models of AXPs, the primary gamma rays are
produced by the curvature emission of the accelerated primary
electrons and positrons inside the gap (Cheng & Zhang 2001),
which is different from the gamma-ray production mecha-
nism of the disk-star dynamo model. The primary gamma-ray

luminosity, that is, the power provided by the magnetar outer
gap, can be written as

L� � 4:0� 1032
f

0:5

� �3
B�

1014 G

� �2

��� P

6 s

� ��4
R�

15 km

� �6

ergs s�1 ð12Þ

(Zhang & Cheng 1997), where f is the fraction of the volume
of the outer magnetosphere occupied by the outer gap that is
given by

f � 0:68
P

6 s

� �7=6
B

1014 G

� ��1=2

� Tsð�Þ
5� 106 K

� ��2=3
R�

15 km

� ��3=2

; ð13Þ

where Tsð�Þ is the surface temperature of the magnetar. Its de-
pendence on the polar angle � with respect to the magnetic axis
is weak and may be ignored. It should be noted that if f > 1,
an outer gap cannot be formed (Zhang & Cheng 1997). For the
AXP 4U 0142+61, the reported period isP ¼ 8:69 s, the surface
magnetic field estimated from B ¼ 3:3� 1019ðPṖÞ1=2 is around
�1:4� 1014 G (Mereghetti et al. 2002), and the corresponding
fractional size of the outer gap is f � 0:89. Then the outer gap
power of 4U 0142+61 becomes Pg � 1� 1033 ergs s�1, which
is roughly the same as the gap power of the disk-star dynamo
model. In a manner similar to that of the disk-star dynamo
model gap, secondary pairs, produced by the collisions between
the primary gamma rays andX-ray photons originating from the
NS, emit synchrotron radiation out of the gap. Unlike the disk-
star dynamo gap, the outer gap of an isolated NS extends to near
the light cylinder radius rl ¼ c=��, which is �4� 1010 cm for
4U 0142+61. Replacing r0 by �rl=3, where the magnetic field
decreases to about 102 G, and setting l ¼ rl in equations (7) and
(8), we obtain the pair production optical depth �p � 0:03LX;36.
For the maximum primary gamma-ray energies of approxi-
mately a few GeV (Cheng & Zhang 2001), the maximum
Lorentz factor of the secondary pairs is approximately a few
�103. In the calculations, we set �min ¼ 1 and �max ¼ 3� 103.
Following the same numerical calculations as that of the disk-
star dynamo model, we found from the resulting spectrum (eq.
[10]) that the ratio LR=Lsyn is about 3� 10�2. The total syn-
chrotron luminosity of the secondary pairs Lsyn � �pPg ’ 3�
1031 ergs s�1, and the corresponding pulsed R-band luminosity
is LR � 3� 10�2Lsyn � 9� 1029 ergs s�1. With a solid angle
�� � 0:5 of the beamed synchrotron emission, the magnetar
model can also account for the observed pulsed optical lumi-
nosity of the AXP 4U 0142+61 in the R band. The expected
synchrotron photon spectrum is presented in Figure 1. The
weakness of the magnetar model for AXP 4U 0142+61 is that if
the surface magnetic field of this source is �1:4� 1014 G
(Mereghetti et al. 2002), then the fraction f of the outer mag-
netosphere occupied by the outer gap (eq. [13]) exceeds unity
for R� less than about 13.9 km. This would mean that there is no
outer gap of 4U 0142+61 at all (Zhang & Cheng 1997). On the
other hand, if the outer gap indeed exists in 4U 0142+61, this
implies that the equation of state (EOS) of this source cannot be
soft (e.g., Shapiro & Teukolsky 1983) with magnetar dipole
fields.

Fig. 1.—Photon flux spectrum of the synchrotron radiation from the
magnetar outer gap model (dashed line) and the disk-star dynamo gap model
(solid line). The vertical lines show the borders of the R band (1.7–2.1 eV).
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The spectral cutoff of the disk-star dynamo model lies in the
X-ray, whereas it is at about 10 eV for the magnetar model.
However, the expected pulsed X-ray luminosity of the disk-
star dynamo model is not likely to be tested by observations,
since it is much less than the observed pulsed X-ray emission,
which is very probably emitted near the NS. In x 4, we show
that the two models can be distinguished through their high-
energy gamma-ray spectral properties.

4. HIGH-ENERGY EMISSION FROM THE MAGNETAR
AND DISK-STAR DYNAMO MODELS

The estimated high-energy (keV to �10 GeV) emission
spectra of the magnetar and the disk-star dynamo gap models
are different, although their total high-energy luminosities are
similar. The outer gaps of magnetar models, which lie close to
the light cylinder, are optically thin to the inverse Compton
scattering of the X-rays by the gap-accelerated pairs. These
pairs emit beamed curvature radiation along the outer gap. The
resulting spectra have been worked out for both AXPs and
SGRs (Cheng & Zhang 2001; Zhang & Cheng 2002). The
energy distribution of the primary e�eþ pairs in the gap is
given by

dN

dEe

/ �

�0

� ��16=3

ð14Þ

(Zhang & Cheng 1997), where

�0 � 2:8� 107f 1=2B
1=4
12 P�1=4 R�

10 km

� �3=4

:

The Lorentz factor � is given by �ðxÞ � �0x
�3=4 for xmin �

x � xmax, where x ¼ s=rl and s is the local radius of the cur-
vature. For the AXP 4U 0142+61, �0 � 5� 107. The value of
xmin depends on the magnetic inclination angle � , and it is
�2/3 for � ¼ 45	 and �2/5 for � ¼ 60	. The value of xmax

could be taken as �2 (Cheng & Zhang 2001). The primary
pairs with Lorentz factors between �min and �max emit cur-
vature radiation with typical energies E� � ð3=2Þf�3ðc=sÞP
1 GeV. Above the characteristic energies, the spectrum has an
exponential cutoff, while Ið�Þ / �1=3 for E < E�min

. The de-
tailed model spectra of AXPs for different periods, magnetic
fields, and inclination angles are given in Cheng & Zhang
(2001).

On the other hand, for the disk-star dynamo model, the
energies of the gap-accelerated e�eþ pairs are limited by
the inverse Compton collisions by the X-rays. Therefore, the
produced gamma-ray photons create e�eþ pairs via collisions
with the X-rays. The energy distribution of the pairs in the
gap can be approximated by equation (9). For a power-law
energy distribution Neð�Þ / ��m of the pairs, the resulting
intensity spectrum of the upscattered X-rays can be written
as Icð�Þ / ��p with p ¼ ðm� 1Þ=2. For the pair distribution
given by equation (9), we have m ¼ 2þ ½ ln ð�max=�Þ��1

.
The variation of the term in square brackets is small with
respect to the large range of the Lorentz factors. For a var-
iation of �max=� from �5 to �103, p changes from 0.6 to
0.8.

We see that the expected high-energy gamma-ray spectra of
the magnetar and the disk-star dynamo models have very dif-
ferent spectral power-law indices. The model luminosities are
high enough that they can be tested by the future gamma-ray

mission Gamma-Ray Large-Area Space Telescope (GLAST )
(Cheng & Zhang 2001).

5. UNPULSED OPTICAL/IR EMISSION

Since the unpulsed component of the optical/IR emission is
expected to be isotropic, there is no beaming correction, and
therefore ðLR=LXÞobs �10�4 for the unpulsed emission of the
AXP 4U 0142+61. The reported IR and optical magnitudes
are K � 19:4 mag and R � 25 mag (Hulleman et al. 2000;
Hulleman 2002). The estimated interstellar extinction in the R
band is AR ¼ 4:4 mag; therefore, it is expected that AK ’ 0:5
in the IR band. We estimate that the ratio of the observed
K-band flux to that of the R band ðLK=LRÞobs is �10�1. We
compare these observations with the expectations of a stan-
dard accretion disk model.

We take Ṁ� ¼ 	Ṁin, where 	 is the fraction of the disk mass
flow rate which is accreted onto the NS, and assume that the
mass flow through the inner disk regions emitting in the K and
R bands can be represented by a steady state mass flow. The
local dissipation rate DðrÞ of the disk at the radial distance r
in steady state is given by

DðrÞ ’ 3

8�
Ṁ

GM

r3
: ð15Þ

For LX � 1036 ergs s�1, the accretion rate onto the NS
becomes Ṁ� � 5� 1015 g s�1 � 	Ṁin. We obtain

DðrÞ � 1:2� 1014r�3
9 	�1 ergs s�1 cm�2; ð16Þ

where r9 is the radial distance in units of 109 cm. The
corresponding local effective temperature of the disk becomes

TeAðrÞ ¼
DðrÞ
�

� �1=4
’ 3:8� 104r

�3=4
9 	�1=4; ð17Þ

where � is the Stefan-Boltzmann constant. The central wave-
length of the R band is kR ’ 138 nm. The effective tempera-
ture that gives the maximum of its blackbody emission in the
R band is kTeA � 1 eV. Equating kTeA ¼ 1 eV in equation (17),
we find rðkTeA � 1 eVÞ � 4:8� 109	�1=3 cm. Then

LR

LX
’ R�

2rðkTeA ¼ 1 eVÞ

� �
’ 1� 10�4	�2=3; ð18Þ

which is in agreement with the observed ratio reported by
Hulleman et al. (2000) for the values of 	 near unity. To
estimate the IR flux from the disk, we equate kTeA ’ 0:1 eV
in equation (17) and find rðkTeA ’ 0:1 eVÞ ’ 1� 102r9 ’
1011	�1=3 cm. Equation (17) gives ðLK=LXÞ � 10�5	�2=3; that
is, LK=LR � 10�1 (independent of 	), which is also consistent
with the observations of the AXP 4U 0142+61. On the other
hand, shorter wavelength optical and UV emission, which is
expected from the innermost regions of the disk, could be
effectively absorbed due to increasing interstellar absorption
with decreasing wavelength along these energies.

Our estimates remain consistent with the observations as
long as 	 is greater than about �30%. EkYi & Alpar (2003a)
showed that fallback disks can produce the AXP period and
period derivatives in timescales consistent with their SNR
ages by using dipole magnetic fields with B� � 1012 1013 G.
They estimated that 	 could be as low as 0.01 for some AXPs
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and pointed out that 	 could be higher if the mass loss from
the disk due to the propeller effect during the lifetime of the
AXPs and SGRs was taken into account. From the disk model
parameters of AXP 0142+61 (EkYi & Alpar 2003b), we can
estimate its present disk mass flow rate as �3� 1016 g s�1,
that is, 	 � 15%, which is consistent with our rough estimate
within a factor of �2–3. More detailed numerical calculations
of the optical/IR emission from the AXPs and SGRs will be
presented in a separate work.

In present disk models of AXPs, IR and optical luminosities
are assumed to be dominated by the irradiation of the disk by
the central X-rays (Perna, Hernquist, & Narayan 2000; Perna
& Hernquist 2000). For the observed IR emission from the
AXP 1RXS J1708-40, these X-ray–irradiated disk models
give unreasonably large inner disk radii (>1011 cm) and re-
strict the radial extension of the disk (�R � 5� 1011 1012 cm;
Israel et al. 2003). Optical/IR emission from the low-mass
X-ray binary disks has long been known to be dominated by
X-ray irradiation, and this could be the motivation to include
the X-ray irradiation in the AXP disk models. However, X-ray
irradiation could be inefficient for the AXP disks for the fol-
lowing reason. The observationally supported irradiation of the
outer disk of low-mass X-ray binaries (LMXBs) has to be
indirect, which is very probably due to a central extended hot
corona (see, e.g., Dubus et al. 1999) because of the self-
screening of the disk. A central extended hot corona can be fed
by the thermally unstable matter from the inner disk where
the thermal instabilities are most effective (Shaviv & Wehrse
1986). However, the innermost disk regions of AXPs (and
SGRs) are cut by the dipole magnetic fields of their neutron
stars, which are orders of magnitude higher than the magnetic
fields of the NSs in LMXBs. Therefore, the X-ray irradiation
that prevails at the LMXB disks is unlikely to be effective for
the AXP and SGR disks, although it is not impossible.
Therefore, in our calculations we ignore the X-ray irradiation.
The observed IR/optical luminosity of AXPs does not restrict
the outer disk radius in our explanation. That is, the outer disk
expands freely in the low-viscosity state and needs not to
be passive (no viscosity) as proposed by Menou, Perna, &
Hernquist (2001). On the other hand, we expect that the inner
disk radius is around the Alfvén radius (�5� 108 cm), which
is about an order of magnitude less than the estimated radial
distance at which most of the optical R-band luminosity is
emitted (�5� 109 cm). The inner rim of the disk can be ir-
radiated by the X-rays, but the resulting emission is expected to
be in the UV band, which is easily absorbed by the interstellar

medium. It is difficult to estimate the detailed emission spec-
trum from the innermost disk because of the uncertainties in
the physics of the disk-magnetosphere interaction. Part of the
inner disk matter that is outflowing because of the propeller
effect may also modify the emission from the underlying in-
nermost disk from which higher energy optical photons are
emitted.

6. CONCLUSIONS AND DISCUSSION

We have shown that: (1) the observed optical pulsed emis-
sion from the AXP 4U 0142+61 can be explained by means of
both the magnetar outer gap model and the disk-star dynamo
gap model and therefore does not eliminate either of the
models as its responsible mechanism, (2) the two models,
which do not provide an observational test through their dif-
ferent synchrotron X-ray luminosity because of the dominating
X-ray luminosity from the NS, can be tested observationally
via their estimated high-energy gamma-ray spectra by GLAST,
and (3) the IR and optical emission expected from a standard
accretion disk model are in agreement with the reported
unpulsed IR and optical luminosity of the AXP 4U 0142+61
for a ratio of the accretion rate onto the NS to the disk mass
flow rate of 	k 30%.
Our estimation for 	 is roughly consistent with that ob-

tained from the fallback disk model of AXP 4U 0142+61
(EkYi & Alpar 2003b). The IR–to–X-ray luminosity ratio of
the AXP 1E 2259+58 is similar to that of 4U 0142+61
(Hulleman 2002) and can be explained by similar arguments.
The reported LR=LX ratio of AXP 1RXS J1708-40 is �2�
10�3 (Israel et al. 2003), which is about 10 times higher than
that of 4U 0142+61 and might indicate relatively more effi-
cient mass outflow due to the propeller effect in this system
with 	 � 1=30. Detailed numerical disk calculations to esti-
mate the optical/IR luminosities of AXPs and SGRs and
comparisons with their period and period evolution models
will be presented in a future work.
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