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Fig. 6. (a) Same Suzaku spectra of 4U 0142+61 as shown in figure 2,
fitted by RCS (a dashed green line emerging below 10 keV) + PL
(a magenta dashed line spanning from ! 0.8 keV above ! 100 keV)
model, namely Model E. (b) Residuals from the fit in panel (a).
(c)(d)(e)(f) Same as panel (b), but the soft component is represented
by BB (Model A), BB + PL (Model B), 2BB (Model C), and CBB
(Model D) models, respectively.

reinforces the age-correlated spectral evolution of magnetars.
Secondly, as a common characteristic of aged magnetars,
the two spectral components of 4U 0142+61 are well sepa-
rated from each other (see figure 2). This, combined with
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Fig. 7. Same results as in figure 6a, but shown in the decomvolved
!F! form.

the relatively high X-ray intensity of 4U 0142+61, allows us
to better quantify its two spectral components than in other
objects of this class. Finally, the extreme flatness (Γh ! 0.8)
of the hard tail of 4U 0142+61, which is again typical of aged
magnetars, is expected to provide very strong constraints on
the emission mechanism of the magnetar hard X-rays.

4.2. Soft X-Ray Emission of 4U 0142 ""61

When comparing among the soft X-ray spectral models
in sub-subsection 3.5.1, the blackbody plus soft power-law
model (Model B) requires a higher column density of photo-
absorption than the other models. This is likely to be an
artifact, necessitated by the too-steep low-energy rise of the
soft power-law. This soft power-law component, in addition,
causes an infrared divergence after eliminating the photo-
absorption. Further considering the unacceptable reduced chi-
square value, this Model B is unlikely to represent the soft
component. Although the two-blackbody model (Model C)
can gives a better fit, the chi-squared value is still somewhat
large. In addition, the associated hard-tail shape, Γh ! 1.5, is
considerably larger than that obtained with the HXD alone.

In contrast to Model B and Model C which employ an ad-hoc
combination of simple model components, the two more phys-
ical models, Model D and Model E, were found to be more
successful with reduced chi-square values of 1.08 and 0.88,
respectively (table 1). Both models assume a scenario that
some seed photons are repeatedly up-scattered by hot electrons
in the stellar magnetosphere; the former is empirically defined
(Enoto et al. 2010a), while the latter is based on a simpli-
fied 1D semi-analytical modeling (Rea et al. 2008). Thus,
these successful wide-band fits suggest that the known devi-
ations of the soft component from a simple blackbody can be
ascribed, at least partially, to up-scattering of soft seed photons
off hot electrons located somewhere. Below, let us discuss
a possible scenario, employing the latter modeling (Model E),
which is more specific.

As shown in figure 6, Model E has given an acceptable
fit to the 0.8–200 keV spectrum, with a seed-photon temper-
ature of kT = 0.30, an optical depth of " = 2.0, and an
electron thermal velocity of ˇ = 0.3. These parameters are
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Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.
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1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,

Downloaded from https://academic.oup.com/pasj/article-abstract/63/2/387/2898098
by Max-Planck-Institute for medical research user
on 22 August 2018

No. 2] Suzaku Observation of Anomalous X-Ray Pulsar 4U 0142+61 395

Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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Cut off  due to e+e- annihilation?

Blazar (Mrk 421) 
→ ~10-12~-11 erg cm-2 s-1

1 MeV

Abdo+11

At least, we need the sensitivity of  10-11 erg cm-2 s-1

MeV gamma ray from ADAF 
→ ~10-13~-12 erg cm-2 s-1 @2kpc
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Fig. 3. The same as Fig.1, but the parameters m = 10, ↵ = 0.3, ṁ = 1.7 ⇥ ↵2 = 1.53 ⇥ 10�2, � = 0.5. The left panel shows the evolution of
some important elements. The right panel shows the disk emissivity for: the thermal electron bremsstrahlung (red dash-line), the nuclear �-ray
production channels (blue line) and the thermal ⇡0 ! 2� decay (cyan line). The advection factor for this model is f = 0.58 and the accretion
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Fig. 4. The same as Fig. 3 but for the initial composition with Xp = X↵ = 0.3 and XC12 = XO16 = 0.2. The luminosity through nuclear lines and
continuum is LN = 8.8 ⇥ 1033 erg s�1 and the luminosity radiated through the thermal ⇡0-meson production is L⇡ = 2.9 ⇥ 1035 erg s�1.

4. Evaporation of neutrons

Neutrons are not bounded by the electric and magnetic fields
of the accretion plasma. If their energy – the sum of thermal
and rotation energies of the accretion disk – is larger than the
gravitational binding energy, neutrons can “evaporate” from the
disk and reach the companion star before decaying (Aharonian
& Sunyaev 1984; Jean & Guessoum 2001; Guessoum & Jean
2002). The ADAF predicts very hot plasma; therefore neutrons
can easily escape from the disk almost isotropically. We calcu-
lated the neutron evaporation e�ciency ⌘ in the framework of
the ADAF model by adopting the calculations described in Aha-
ronian & Sunyaev (1984), also considering the reduction of neu-
trons along the accretion disk. Figure 5 shows ⌘ as a function of
the accretion radius. We find that the ⌘ = f (r) profile is quite
universal and does not depend on the accretion parameters. This
follows from the fact that the ADAF ion temperature is equal to
the virial temperature independent of the accretion parameters.

The primary source of neutrons in the accretion plasma is
the destruction of the CNO and heavier nuclei. Besides, ADAF
can produce neutrons through the p + p ! p + n + ⇡+ chan-
nel converting protons into neutrons. The neutrons are primarily
produced in the r . 10 region of ADAF. Although this channel
is less significant than that of nuclear destruction processes, the
p + p ! p + n + ⇡+ channel ensures that ADAF can produce
neutrons e�ciently even if its accretion plasma is composed of
merely hydrogen. Like the ⇡0 ! 2� emissivity, the neutron pro-
duction rate through the process p + p ! p + n + ⇡+ can vary
depending on the shape of the high energy tail of the plasma
distribution function.

The neutrons mass abundance scales like Xn ⇠ ⇢/vr ⇠ ṁ↵�2.
Here, ⇢ is the plasma density and vr the plasma radial speed. The
proportionality constant is a function of radius r. Figure 6 shows
the function Xn = f (ṁ↵�2) for ADAF computed near the last
stable orbit r = 3 which gives the X

max
n

throughout the disk. The
neutron abundance is estimated for two initial compositions: a
solar composition and a heavier plasma with Xp = X↵ = 0.3 and
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Magnetar (4U 0142+61) 
→ ~10-11 erg cm-2 s-1

Leptonic/Hadronic ?

Kafexhiu+18

MeV gamma ray from NS-NS merger 
→ ~10-13 erg cm-2 s-1 @40 MpcRadioactive decay products in NS merger ejecta 5
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Figure 2. Spectrum of γ-rays at 1, 3, 5 and 10 days after merger for NSM-solar. Black lines depict the γ-ray spectrum produced by
nuclei at rest. The red (blue) curve shows the spectrum with the Doppler broadening with an expansion velocity of 0.3c (0.05c). The
normalization is determined with the mass of ejected r-process elements of 0.01M⊙ and the observed distance of 3 Mpc. Here we do not
take any absorption and scattering processes into account.

we find

Ėe(t) ≈ 4 · 109 erg/s/g

(

t
1 day

)−1.3

, (2)

Ėγ(t) ≈ 8 · 109 erg/s/g

(

t
1 day

)−1.3

, (3)

Ėα(t) ≈ 7 · 108 erg/s/g

(

t
1 day

)−1 (
XA!210

3 · 10−2

)

, (4)

Ėf (t) ≈ 2 · 109 erg/s/g

(

t
1 day

)−1 (
XA!250

2 · 10−2

)

. (5)

where XA!210 (XA!250) is the total mass fraction of nuclei
with 210 ! A ! 280 (250 ! A ! 280). Note that the nu-
merical coefficients in Eqs. (2) and (3) are valid as long as
material has the solar-like r-process pattern containing the
second (A ∼ 130) and third (A ∼ 195) r-process peaks.

Although the form of ϵγ(t) should be computed with a
radiative transfer simulation, here we give rough estimates.
The optical depth of homologously expanding ejecta is given
by

τγ(t) =

(

ttr,γ
t

)2

, (6)

where ttr,γ ≈ (κγMej/4πv
2)1/2 ≈

0.4 day(κγ/0.05 cm2/g)1/2(Mej/0.01M⊙)1/2(v/0.3c)−1

is the time that the ejecta become transparent to γ-rays.

Here we assume that the dominant interaction process of
γ-rays with matter is Compton scattering.

At the diffuse-out timescale of thermal photons (optical
to infrared: IR) tdiff,o when the optical depth to thermal
photons satisfies τopt = c/v, a significant amount of the
deposited energy starts to escape as thermal photons. We
rewrite Eq. (6) in terms of tdiff,o:

τγ(t) ≈
κγ

κo

c
v

(

tdiff,o

t

)2

, (7)

≈ 0.02

(

tdiff,o

t

)2 (
κγ

0.05 cm2/g

)

×

(

κo

10 cm2/g

)−1
( v
0.3c

)−1

, (8)

where κo is the opacity of r-process elements to pho-
tons in the optical bands. It is dominated by bound-
bound transitions of lanthanides (Kasen et al. 2013;
Tanaka & Hotokezaka 2013). For the dynamical ejecta, on
the timescale of tdiff,o, the optical depth to γ-rays is much
smaller than unity, thereby only a small fraction of the γ-
rays’ energy is deposited in the ejecta on the peak timescale
of macronovae.

For the slowly expanding wind ejecta, in particular lan-
thanide free cases, the γ-ray heating efficiency is significantly
different. The opacity to thermal photons and expansion ve-
locity of the wind ejecta are κo ∼ 1 cm2/g and v ∼ 0.05c (see

Hotokezaka+15

※The observation time 
is limited to ~10 days.

– 55 –

Fig. 9.— Hadronic model fit components: π0-cascade (black dotted line), π± cascade

(green dashed-dotted line), µ-synchrotron and cascade (blue dashed-triple-dotted line), pro-
ton synchrotron and cascade (red dashed line). The black thick solid line is the sum of all

emission components (which also includes the synchrotron emission of the primary electrons
at optical/X-ray frequencies). The resulting model parameters are reported in table 3.
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Current Status

3

図 1.1: 点源に対する X線・γ線天文装置の感度 [27]　数 100 keVから数 10 MeVの帯域に
おいて、感度が前後の帯域と比べて、著しく悪いのが見て取れる。

Sensitivity Gap

Takahashi+13

Low sensitivity is the most critical issue

Sensitivities for a point source The number of  
detected sources

MeV 

=> 32 sources 

(COMPTEL, Schoenfelder+10)


X-ray 

=> ~300000

(Chandra, Evans+18)


GeV

=> ~3000

(Fermi-LAT Collaboration 2015)
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the ring of the cone shown in Figure. The ring is obtained from the scattering angle (θ)
calculated from the energy information and the central axis of the cone calculated from the
positional information.   

If multiple gamma rays are detected from the same gamma ray source, the direction of 
incoming gamma rays can be obtained from the intersection point where the rings overlap. The
intersection point of the rings is emphasized in red as the events of detected gamma rays
increase from three to 16 and more and the images of gamma rays become clearer, as Figure 4
shows. 

The Compton camera can narrow down the direction of incoming gamma rays by the
method explained above, and there is no need to limit the direction of incoming gamma rays
using a pinhole collimator, etc., realizing a super wide-angle measurement field covering all 
directions in a hemisphere. 

 

Figure 4  Number of detected gamma ray events and change in gamma image 
 

|4. Outline of ASTROCAM 7000HS 
4.1 Configuration of the product 

Figure 5 shows the overall structure of the ASTROCAM 7000HS and the basic 
specifications are shown in Table 2. The components are explained below. 

 

Figure 5  System configuration of ASTROCAM 7000HS 
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Most powerful method to detect MeV gamma rays

In MeV band,

Compton scattering 

is dominant.
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Need for Small Pixel Detector
INTRODUCTION TO AMEGO

 • Probe Concept: 2020 NASA Astrophysics Decadal 
Review 

 • Observing strategy: survey 
 ◦ 80% sky/orbit, ~2.5 sr FoV  

 • Well understood, tested technologies with space 
heritage 

 • Science: pulsars/magnetars, gamma-ray bursts and 
multimessenger astrophysics, active galaxies, dark 
matter

SIMULATION OVERVIEW

 • Performed using the MEGAlib toolkit [4] 
 ◦ ROOT (v6), Geant4 (v10) 

 • Event classes 
 ◦ Current: tracked Compton scattered, pair production  
 ◦ Future: untracked Compton scattered (low energies)

3-year mission (20% efficiency for FOV/SAA) assuming the background shown (bottom left). In the compton 
regime, the backgrounds are scaled up by x10, which we found to be conservative. Fermi-LAT (5-year 
mission), COMPTEL and EGRET (2 week pointing), and NuSTAR and SPI (106 s live time) are also shown 
for comparison. These choices reflect the observing strategy and preliminary approximated mission 
duration. In the energy band ~1 to ~100 MeV AMEGO is at least an order of magnitude more sensitive, due 
mainly to the increased effective area and angular resolution. Comparing a 2 week AMEGO exposure, 
AMEGO is ~10x more sensitive than COMPTEL.

3σ CONTINUUM SENSITIVITY

E� = 1 MeV,  scattering angle = 60 deg. 

=> Ee = 500 keV

The path range of 500 keV e- = ~600 �m

γ

Future missions are proposed

e.g. AMIGO, e-ASTROGAM

Electron tracking with 2 layers 

(AMIGO/e-ASTROGAM)

AMEGO 3σ continuum sensitivity 
(Caputo et al., ICRC2017)

e-

(3 years)

To improve the sensitivity < few MeV, we have to 
measure the electron trajectory in a single layer.
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Electron tracking with 2 layers 

(AMIGO/e-ASTROGAM)

AMEGO 3σ continuum sensitivity 
(Caputo et al., ICRC2017)

e-

multiple scattering

To improve the sensitivity < few MeV, we have to 
measure the electron trajectory in a single layer.

E� = 1 MeV,  scattering angle = 60 deg. 

=> Ee = 500 keV

The path range of 500 keV e- = ~600 �m
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mission), COMPTEL and EGRET (2 week pointing), and NuSTAR and SPI (106 s live time) are also shown 
for comparison. These choices reflect the observing strategy and preliminary approximated mission 
duration. In the energy band ~1 to ~100 MeV AMEGO is at least an order of magnitude more sensitive, due 
mainly to the increased effective area and angular resolution. Comparing a 2 week AMEGO exposure, 
AMEGO is ~10x more sensitive than COMPTEL.

3σ CONTINUUM SENSITIVITY

γ

e-

Future missions are proposed

e.g. AMIGO, e-ASTROGAM

Electron tracking with 2 layers 

(AMIGO/e-ASTROGAM)

To improve the sensitivity < few MeV, we have to 
measure the electron trajectory in a single layer.

It cannot go 

to the next layer

AMEGO 3σ continuum sensitivity 
(Caputo et al., ICRC2017)

E� = 1 MeV,  scattering angle = 60 deg. 

=> Ee = 500 keV

The path range of 500 keV e- = ~600 �m
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Needs for Small Pixel Detector
INTRODUCTION TO AMEGO

 • Probe Concept: 2020 NASA Astrophysics Decadal 
Review 

 • Observing strategy: survey 
 ◦ 80% sky/orbit, ~2.5 sr FoV  

 • Well understood, tested technologies with space 
heritage 

 • Science: pulsars/magnetars, gamma-ray bursts and 
multimessenger astrophysics, active galaxies, dark 
matter

SIMULATION OVERVIEW

 • Performed using the MEGAlib toolkit [4] 
 ◦ ROOT (v6), Geant4 (v10) 

 • Event classes 
 ◦ Current: tracked Compton scattered, pair production  
 ◦ Future: untracked Compton scattered (low energies)

3-year mission (20% efficiency for FOV/SAA) assuming the background shown (bottom left). In the compton 
regime, the backgrounds are scaled up by x10, which we found to be conservative. Fermi-LAT (5-year 
mission), COMPTEL and EGRET (2 week pointing), and NuSTAR and SPI (106 s live time) are also shown 
for comparison. These choices reflect the observing strategy and preliminary approximated mission 
duration. In the energy band ~1 to ~100 MeV AMEGO is at least an order of magnitude more sensitive, due 
mainly to the increased effective area and angular resolution. Comparing a 2 week AMEGO exposure, 
AMEGO is ~10x more sensitive than COMPTEL.

3σ CONTINUUM SENSITIVITY
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Future missions are proposed

e.g. AMIGO, e-ASTROGAM

Electron tracking with 2 layers 

(AMIGO/e-ASTROGAM)

AMEGO 3σ continuum sensitivity 
(Caputo et al., ICRC2017)

To improve the sensitivity < few MeV, we have to 
measure the electron trajectory in a single layer.

E� = 1 MeV,  scattering angle = 60 deg. 

=> Ee = 500 keV

The path range of 500 keV e- = ~600 �m

e-
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New Detector for Electron Tracking
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Bump Bonds

Si ASIC
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Wire BondsStrip/Pixel Electrode

Requirement 
Few percents energy resolution

Few us timing resolution to determine coincident events

~500 um thickness of Si (same as our previous Si detector) 

Few 10 �m spatial resolution 


(The path range of 300 keV electron in Si is ~300 �m)

Si-CMOS hybrid detector in collaboration with Hamamatsu Photonics

(Yoneda et al. 2017)

Timing Trigger 
& Energy

High spatial resolution 
Image (20x20 um pixel)
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Performance of Si-CMOS detector 
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Demonstration of the concept of 
Si-CMOS Compton Camera

=

13 mm

32 mm

30 mm

Si-CMOS detector 
20 μm x 20 μm pixel 
thickness of  0.5mm 

CdTe-DSD 
250 μm strip pitch 
thickness of  2mm 

The first prototype using Si-CMOS/CdTe detector

FWHM 7.1 keV 
@661 keV

137Cs spectrum 
energy resolution of  ~1%

Electron Trajectory Reconstruction Algorithm
based on the graph theory approach (Yoneda et al. 2017)
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Gamma-ray Image (1.3 MeV )
wo/ Electron Trajectory

Angular resolution  
= 1.75 deg. (ARM)

w/ Electron Trajectory

z = 44 mm
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Gamma-ray Image (1.3 MeV )

Offset Component 
is removed!

Angular resolution  
= 1.75 deg. (ARM)

wo/ Electron Trajectory w/ Electron Trajectory

z = 44 mm
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Conclusion
Gamma rays between 100 keV to a few tens of  MeV have fruitful 
information i.e. nuclear gamma ray lines. 
To improve the sensitivity of  the low MeV range, to “Track the Electron 
Trajectory” is the key technique. 
Si-CMOS hybrid detector is developed to measure the electron 
trajectory in a single layer.  
We showed the improved Compton image with the prototype Compton 
camera and the algorithm to reconstruct electron trajectories. 
The resulting angular resolution and energy resolution are 1.75 
degrees and the order of  1%, respectively, for 1.3 MeV.

Future Works 
Improve Si-CMOS hybrid detectors 
larger size, data size reduction, smaller pixel size, lower noise

Develop a better electron trajectory reconstruction algorithm 
deep learning (Geant4 + tensorflow)

Science Projects??? 
A balloon experiment? A small satellite?
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