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Magnetars

Magnetar activities are supported by dissipation of magnetic energy? 
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Fig. 9.— Period–period derivative diagram for all known isolated pulsars. Black dots are radio pulsars (from the ATNF Catalog;
Manchester et al. 2005), while red symbols are all known magnetars. Asterics denote PSRJ1846−0258 and PSR1622−4950, and empty
stars are Swift J1822.3–1606 and SGR 0418+5729. Empty grey circles are the X-ray Dim Isolated Neutron Stars (XDINS: Turolla 2009).
The dashed line represents the value of the critical electron magnetic field.

followed by a much flatter power-law (see Woods et al.
2004; Israel et al. 2007; Esposito et al. 2008). However,
we note that the source has not reached the quiescent
level yet; hence the modeling of the outburst, and rela-
tive timescale, might change slightly when adding further
observations until the complete quiescent level is reached.
We have also compared the observed outburst decay

with the more physical theoretical model presented in
Pons & Rea (2012). We have performed numerical sim-
ulations with a 2D code designed to model the magneto-
thermal evolution of neutron stars. The pre-outburst pa-
rameters are fixed by fitting the timing properties to the
secular thermal evolution presented in section §7.1. We
assume that Swift J1822.3–1606 is presently in an evo-
lutionary state corresponding to that of the model pre-
sented in Figure 7 at an age of 550kyr. We then model
the outburst as the sudden release of energy in the crust,
which is the progressively radiated away. We have run
several of such models varying the total injected energy
(between 1040− 1044 erg), as well as the affected volume,
which are the two relevant parameters affecting the out-
burst decay (coupled with the initial conditions which
were explored in §7.1). The depth at which the energy is
injected and the injection rate bear less influence on the
late-time outburst evolution (Pons & Rea 2012).
In Figure 8 we show our best representative model

that reproduce the observed properties of the decay of
Swift J1822.3–1606 outburst. This model corresponds
to an injection of 4 × 1025 erg cm−3 in the outer crust,
in the narrow layer with density between 6 × 108 and
6 × 1010 g cm−3, and in an angular region of 35 degrees
(0.6 rad) around the pole. The total injected energy was
then 1.3× 1042 erg .
However, we must note that this solution is not unique

and the parameter space is degenerate. Equally accept-
able solutions can be found varying the injection energy
in the range 1−20×1025 erg cm−3 and adjusting the other
parameters. The outer limit (low density) of the injection
region affects the timescale of the rise of the light curve,

which is probably too fast (1-10 hours) to be observable
in most of the cases. On the other hand, most of the light
curve turns out to be insensitive to the inner limit (high
density) of the injection region. Only the outburst tail
(at > 50 days) is affected by this parameter, but this ef-
fect is hard to be distinguished from similar effects from
other microphysical inputs (e.g. varying the impurity
content of the crust). Finally, variations of the angu-
lar size can be partially compensated by changes in the
normalization factor which at present is undetermined
(unknown distance). This changes the volume implied
and therefore the estimate of the total energy injected.
Thus we need to wait for the full return to quiescence,
and combine our study with the complete analysis of the
pulse profile and outburst spectrum, before we can place
better constraints on the affected volume and energetics.

7.4. Radio and optical constraints

A recent study on the emission of radio magnetars has
shown that all magnetars which exhibited radio pulsed
emission, have a ratio of quiescent X-ray luminosity to
spin-down power Lqui/Lrot < 1 (Rea et al. 2012). This
suggests that the radio activity of magnetars and of ra-
dio pulsars might be due to the same basic physical
mechanism, while its different observational properties
are rather related to the different topology of the ex-
ternal magnetic field (e.g. a dipole and a twisted field;
Thompson (2008).
In the case of Swift J1822.3–1606, inferring the quies-

cent (bolometric) and spin-down luminosities from our
ROSAT data and our timing results (see §?? and §3.2),
we derive Lqui/Lrot # 4×1032 erg s−1/1.7×1030 erg s−1#
235 . This value is in line with the source not showing any
radio emission (see Rea et al. 2012 for further details).
Concerning the optical and infrared observations, the

bright optical fluxes of the sources S1–S3, much brighter
than that of any other SGR in outburst for a compa-
rable distance and interstellar extinction, as well as the
lack of relative flux variability, suggest that objects S1–
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Giant Flare in 2004
Soft Gamma Repeater SGR 1806-20

(c) Duncan

fireball?

• Soft Gamma Repeaters (SGRs) and Anomalous X-ray pulsars (AXPs)
• Supper Eddington giant flares, short bursts, and X-ray outbursts
• Dipole magnetic field Bd~1014-15 G via P-Pdot measurements 
• Bright X-ray emission Lx >> Lspin-down, No evidence for optical companion (binary)
• Connection to extra-galactic events (GRBs etc), GW and NS interior 

Discoveries of 
low-Bd Magnetars 
SGR 0418+5729 !!E = 1.2x1044 erg 

(kT~20 keV)

L > 8.3x1044 erg/s

0.35 sec
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Signatures of Toroidal Field 

Energy source of magnetars = Poloidal + “Toroidal” Magnetic field ?

1                  2                        5
Energy (keV)

Tiengo et al., 2013, Nature

Multipole?

Toroidal??

Poloidal

Braithwaite+09

(C) ESA

• Low-Bd magnetars (Bd < 3.3x1013 G): SGR 0418+5729 and Swift J1822.3-1606
• Magnetar burst activity requires high-B field (>Bd~6x1012 G)? Toroidal field? 
• Short-burst originates from reconnection? Higher multipoles? 

• Discovery of proton(?) cyclotron signature in SGR 0418+5729 
• Strong multiple signature with B>2x1014 G near the NS surface 

• Simulations of the toroidal field inside the NS (e.g., wound-up at the birth) 

SGR 0418+5729 P-Pdot observations

Difficult to measure
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Magnetar Multi-wavelength Emissions

Enoto+11
AXP 4U 0142+61

No radio emission
Photon splitting in high-B
suppresses the e+/e- pair 

creation and radio emission?

Pulsed thermal emission

from hot NS surface.
Quasi-BB kT ~ 0.3 keV

heated by the interior field

Pulsed hard X-rays

Discovered by INTEGRAL
hard photon index Γ~1
upper limit >750 keV

Soft and hard X-rays are 
observational window !!
Soft and hard bands are usually 

observed independently

4



X-ray Observatory: Suzaku
6.
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SGR 1806-20 (0.22 kyr)
1E 1547.0-5408 (1.4 kyr)

1RXS J170849.0-400910 (9.0 kyr)
4U 0142+61 (70 kyr)

High-B, Young

Low-B, Old

  SGR 1806-20  (2.1x1011 T)
     1E 1547-54   (2.2x1010 T)
1RXS J1708-40 (4.7x1010 T)
     4U 0142+61  (1.3x1010 T)

XIS 0.2-10 keV HXD 10-70 keV

Enoto et al., ApJL, 2010
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Based on systematic studies of 7 SGRs AXPs, Suzaku revealed 
that magnetar spectral shape evolves as a function of 
magnetar characteristic age and magnetic field strength. 

Suzaku simultaneously observes soft and hard X-rays with a short exposure.

launched in 2005 
0.5--70 keV broadband spectroscopy 

4 magnetar

5



Soft and Hard X-ray Pulsation: 4U 0142+61

8.69 sec pulsation signal was weak in hard X-rays in the 2009 observation. 

Hard Power-law
Magnetosphere

(or magnetic multipole)

Famous and prototypical AXP: Bd~1.3x1014 G. Observed in 2007 and 2009 (both ~100 ksec)
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with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
ation, we obtained a soft X-ray periodogram shown in
Fig. 1 (a). Thus, the soft X-rays are clearly pulsed at a
barycentric period (as of 2009 August 12) of

Psoft = 8.68891± 0.00010 sec (1)

which agrees with previous measurements of the period
of this source and its derivative [20]. The folded soft
X-ray pulse profile is shown in Fig. 2 (a).
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FIG. 1: (a) A 1–10 keV XIS periodogram, calculated via stan-
dard folding analysis using 16 phase bins per cycle. Data from
XIS0, XIS1, and XIS3 were co-added, without removing back-
ground. (b) Periodograms from the background-inclusive 15–
40 HXD-PIN data, calculated using the Z2

n
technique with

n = 3 (black) and n = 4 (red). Ordinate is chosen to be
Z2

n
/2n. (c) The same Z2

4 periodogram as in (b), but after
applying the demodulation correction employing the best-
estimate conditions (see text).

Results.— We also searched the 15–40 keV HXD data
for the expected hard X-ray pulsation. Because of lower
statistics of the HXD data, we employed the Z2

n
technique

[21] which, unlike the chi-square technique, is free from

the event binning ambiguity. It plots individual photons
on a unit circle, with the azimuth representing their ar-
rival phases for the assumed period. The overall photon
distribution on the circle is Fourier analyzed, and the
power is summed up to a specified n-th harmonic. If no
periodicity, the data points should distribute uniformly
on the circle, and the Z2

n values should obey a chi-square
distribution of 2n degrees of freedom. Since the hard X-
ray pulse profile of 4U 0142+61 is double-peaked [12, 15]
with possible structurs [19], we tried n=2, 3, and 4.
As presented in Fig. 1 (b), the HXD periodograms with

n = 3 and 4 both show a small peak at ∼ 8.6890 sec,
within the error range of eq.(1), but its significance is
rather low, and higher peaks are seen at different peri-
ods. (The case with n = 2 is similar.) This result was un-
expected, as the hard X-ray intensity and the observing
time were both very similar to those in the 2007 observa-
tion, wherein the hard X-ray pulses were clearly detected
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FIG. 2: (a) A soft X-ray pulse profile, obtained by folding
the 1–10 keV XIS data at the period of Psoft of eq. (1) and
shown for two cycles. (b) The background-inclusive 15–40
keV HXD-PIN data, similarly folded at Phard. A running av-
erage over three adjacent bins was applied. The background
level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.
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with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
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FIG. 2: (a) A soft X-ray pulse profile, obtained by folding
the 1–10 keV XIS data at the period of Psoft of eq. (1) and
shown for two cycles. (b) The background-inclusive 15–40
keV HXD-PIN data, similarly folded at Phard. A running av-
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level corresponds to 0.26 c s−1. The error bar represents sta-
tistical ±1 sigma, considering the running average. (c) The
same as (b), but after the demodulation procedure.

Psoft = 8.68891±0.00010 sec

Soft 0.4-10 keV

Hard 15-40 keV

Pulse profile
0.4-4 keV

4-10 keV

Rotation axis

Magnetic axis

Soft thermal
Hot spot

Makishima & Enoto et al., submitted
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Slow Phase Modulation?

Assuming △t = A sin(2π t/T-φ) and search A, T, φ

2

with the HXD in 15–70 keV. Both are comparable within
∼ 15% to those recorded 2 years before [19]. After con-
verting individual photon arrival times to those at the
Solar system barycenter, and analyzing the XIS data via
standard epoch folding analysis with chi-square evalu-
ation, we obtained a soft X-ray periodogram shown in
Fig. 1 (a). Thus, the soft X-rays are clearly pulsed at a
barycentric period (as of 2009 August 12) of

Psoft = 8.68891± 0.00010 sec (1)

which agrees with previous measurements of the period
of this source and its derivative [20]. The folded soft
X-ray pulse profile is shown in Fig. 2 (a).
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expected, as the hard X-ray intensity and the observing
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shown for two cycles. (b) The background-inclusive 15–40
keV HXD-PIN data, similarly folded at Phard. A running av-
erage over three adjacent bins was applied. The background
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same as (b), but after the demodulation procedure.
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at the same period as in the XIS data [19]: some changes
must have taken place in the hard component. Specif-
ically, the hard X-ray power, originally at eq. (1) (and
its harmonics), is likely to have been scattered out over a
period range of Fig. 1. Such smearing may be caused by
pulse-amplitude and/or pulse-shape changes which was
suggested in our 2007 observation [19], or more likely,
by pulse-phase modulations which will more strongly af-
fect the underlying periodicity. We thus came to suspect
that the hard X-ray pulses in the 2009 data suffer, for
unspecified reasons, some phase modulations.
We hence assumed that the 8.69 sec X-ray pulsation in

the 2009 HXD data is slowly phase-modulated, so that
the peak timing t of each pulse is periodically shifted by
∆t = A sin(2πt/T−φ), where T , A, and φ are the period,
amplitude, and initial phase of the assumed modulation,
respectively. Such effects would be effectively removed
by shifting the arrival times of individual HXD photons
by −∆t. Employing a trial triplet (T,A,φ), we hence
applied these time displacements to the HXD data, and
re-calculated the Z2

n
periodograms over an error range

of eq.(1) (with a step 2 µsec) to see whether the pulse
significance changes. Then, we searched for the highest
pulse significance, by scanning the three parameters over
a range of A = 0 − 1.2 sec (0.02–0.05 sec step), φ =
0 − 360◦ (3◦ − 10◦ step), and T = 35 − 70 ksec (1–2.5
ksec step). The search upper limit of A = 1.2 was set in
order to limit ourselves to the cases of A " Psoft. The
range of T was determined considering that the subpeaks
in Fig. 1(b) arise as beats between Psoft and T . The Z2

n

harmonic parameter was chosen to be n = 4. The overall
analysis is very similar to that employed by [22].
This “demodulation” analysis has yielded results

shown in Fig. 3. Under a particular condition of T = 55.0
ksec, the pulse significance has indeed increased drasti-
cally to Z2

4 = 39.2 (panel a) when φ = 75◦±30◦ (panel b)
and A = 0.7 ± 0.3 sec (panel c) are employed. Further-
more, as in panel (d), the modulation period has been
well constrained as T = 55 ± 4 ksec. The errors of φ,
A, and T are represented by the standard deviations of
Gaussians fitted to the distributions (above a uniform
background) in Fig. 3(b)-(d). When the data are demod-
ulated with these conditions, the HXD Z2

4 periodogram,
previously in Fig. 1 (b), changed into Fig. 1 (c); it reveals
a prominent single peak at Phard = 8.68899±0.00005 sec
which is consistent with Psoft.
Figures 2 (b) and (c), respectively, show the HXD pulse

profiles before and after the demodulation, both folded
at Phard. The latter exhibits a significantly larger pulse
amplitude and richer fine structures than the former.
Furthermore, the demodulation process has brought the
HXD pulse-peak phase closer to that of the XIS, in agree-
ment with previous observations [15]. When the HXD
data are divided into two halves with approximately the
same exposure, and demodulated with the same param-
eters as determined above, they gave consistent peri-

odograms and consistent pulse profiles.

If the signals were random, the chance probability
of finding a Z2

4 value higher than the peak in Fig. 3
(Z2

4 = 39.2 = 4.9 × 8) is very low, 4.0× 10−6. To evalu-
ate its actual significance, we must however multiply it by
the number of independent trials in T , A, φ, and P ; these
were estimated respectively as 10=(70-30)/4, 4=1.2/0.3,
12=360/30, and 3, by assuming that two trials in, e.g.,
A, can be regarded as independent if the two values of A
are separated by more than the error ∆A ∼ 0.3 sec as es-
timated above. Multiplying all these numbers, we obtain
a probability of 4.0 × 10−6 × 1440 = 5.8 × 10−3 for the
peak to appear by chance. Since this is still much smaller
than unity, we conclude that the pulse-phase modulation
is real. Analysis with n = 2 and 3 gave consistent results,
though with somewhat lower significances.

For further examination, we applied exactly the same
demodulation search to three blank-sky HXD data sets
with exposure of 95, 10, and 41 ksec, and another data
set for the Crab Nebula (105 ksec) representing high
count-rate signals. However, the Z2

4 statistics always
remained < 30 (with the expected occurrence number
being > 0.30 for each data set). Thus, we can rule out
any instrumental origin for the 55 ksec pulse-phase mod-
ulation in 4U 0142+61. We next re-analyzed the 2007

FIG. 3: Results of the Z2
4 “demodulation” analysis, obtained

by assuming a periodic phase shift in the 15–40 keV HXD
pulses in 2009. (a) A two-dimensional color map, on the (φ, a)
plane, of the Z2

4 maximum found over the period range of
eq.(1). The modulation period is assumed to be T = 55.0
ksec. (b) The projection of panel (a) onto the φ-axis, where
the vertical data scatter reflects differences in A. (c) The same
as panel (b), but projected onto the A axis. (d) The grand
maximum values of Z2

4 found in maps as panel (a), plotted
as T is scanned. The red line indicates the values of Z2

4 for
A = 0 (i.e., without demodulation).

Z42 at T=55 ks

φ T

A

Hard X-ray (15-40 keV) shows phase modulation by A=0.7 sec with a T~1.5 h.

before

after demodulation
with A, T, and φ

Makishima & Enoto et al., submitted
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• Statistically significant?: YES
• Chance probability (Z42=39.2) ~ 4x10-6. (Z2, Z3, and Z4 gave consistent results)

• Instrumental effect or noise?: NO
• Blank-sky data and bright Crab Nebula: Z42 <30

• Doppler effect of a hidden binary companion? : NO
• observed T and A gives Mc~0.12Msun/sin i >~ 0.1Msun 
• Inconsistent with pulsed optical properties (likely to emerge from a NS)

• Free Precession of Isolated NS??
• Poloidal field Bd

• can be measured from P and Pdot
• makes a star the “oblate” shape

• Toroidal field Bt

• can not be measured from P and Pdot
• makes a star the “prolate” shape

Interpretation of the Slow Phase Modulation 

NS with strong Bt is deformed into a prolate shape with ε~10-3~-4

� =
�I

I
� k � 10�4

�
Bt

1016 G

�2

Braithwaite, 
2009, MNRAS

Poloidal

Toroidal

k=4~9 (Determined by EoS), e.g., Gualtieri et al., 2011

Makishima & Enoto et al., submitted
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Maximum photon 
emissivitiy

γ

Free Precession of Axisymmetric Rigid Body 

Pulse-phase modulation become detectable when the NS is axisymmetric (ε≠0) 
and has a finite wobbling angle (α≠0), and its emission peak direction is deviated 
from the symmetry axis (γ≠0).  [asymmetry ε]=[Spin period P]/[slip period Q]

(C) http://faculty.ifmo.ru/butikov/Applets/Precession.html

Angular 
momentum L

See. e.g., 
Landau and Lifshitz, 
Mechanics

Axis of symmetry 
(dipolar magnetic axis)

P1=2πI1/L

α

Three vectors and two angles 

Slowly rotate around 
axis of symmetry 
with a “slip period” Q

Q =
P1

�
=

�
1
P3
� 1

P1

��1

Makishima & Enoto et al., submitted
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Evidence on the Toroidal Magnetic Field

� =
P1

Q
=

Phard

T
� 1.6� 10�4

Rotation period

Slip period Phase modulation

� =
�I

I
� k � 10�4

�
Bt

1016 G

�2

k=4~9 (Determined by EoS)

Observational evidence for toroidal field, Bt~1015-16 G, inside the NS.

Gualtieri+2011
• Why 4U 0142+61 shows such a signature?

• Two components (Soft and Hard X-rays) is 
effectively used to detect the signature.

• γ≠0 is fulfilled. B-field configulation (multipole 
component) may wander around on the star.

• Comparing other types of X-ray pulsars?
• Accretion-powered: forced precession
• Fast-rotating: centrifugal force makes the NS oblate 

and precession would be damped.
• Gravitational waves from Giant Flare or 

newly-born magnetars.

Evidence for the toroidal magnetic field is suggested by the Suzaku observation. 
Further verification is needed by existing and future X-ray missions.

Makishima & Enoto et al., submitted
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Next X-ray Observatory: ASTRO-H
Two Priority Targets (Case-study Examples)

smoothed with a circular Gaussian function that has a sigma
of 3 pixels in both right ascension and declination. In the 4.0–
12.0 keV images, only significant emission from the pulsar is
seen, but not from the rest of the SNR.

Figure 1 shows a mosaic image in the energy band of 0.3–
4.0 keV in false color. The remnant’s X-ray emission fades off
to the west, lacking a clearly defined edge. In the interior, the
Lobe is brighter than any part of the shell and there are dark
regions north and south of the Lobe. The Lobe emission is well
separated from the pulsar. We estimate the distance of the shell
from the pulsar in the mosaic image by fitting a circle centered
on the pulsar to each sector and obtain 18A5 for the eastern
shell, 17A3 for the southern shell, and 16A6 for the northern
shell. Thus, the eastern shell has the largest projected distance
from the pulsar.

2.2. RGB Composite Imagge

As no emission from the remnant is found above 4 keV
except from the pulsar, we create images in the energy bands

below 4 keV in order to identify possible spectral variations
within the remnant. The images in the red (R ¼ 0:3 0:9 keV),
green (G ¼ 0:9 1:5 keV), and blue (B ¼ 1:5 4:0 keV) bands
are combined into an RGB mosaic image (Fig. 2). We then use
this image to guide our selection of regions to be examined more
closely through detailed spectral fitting. The selected regions
are shown in Figure 3.

The shell is slightly redder than the interior and has some red
clumps. There is a small sector of the shell with lower emission
in the northeast, coinciding with a bright region in the radio
continuum (Kothes et al. 2002). Next to this region, there are
red knots in the RGB composite image of the X-ray shell (re-
gions 5 and 6 in Fig. 3). Furthermore, there is a larger red spot
in the south (region 15). There are also color variations within
the Lobe, the outskirts being redder than the central part of the
Lobe.

In addition to the very bright pulsar, fainter point sources
are found in and around the remnant. Two point sources lo-
cated southeast of the remnant appear red in the RGB composite

Fig. 2.—Mosaic RGB image created from EPIC data of the pointings E, N, S, and P2 obtained in full frame and extended full frame mode: R ¼ 0:3 0:9 keV,
G ¼ 0:9 1:5 keV, B ¼ 1:5 4:0 keV. The image is smoothed (see x 2.1).

XMM-NEWTON OBSERVATIONS OF CTB 109 325No. 1, 2004

0.0 0.2 0.5 1.1 2.4 5.0 10.1 20.2 40.7 81.3 162.0

1E 2259+586 & CTB 1091E 1841-045 & Kes 73

and some possible interesting targets;
1RXS J1708-4009, and SGR 1806-20, Anti-magnetar Puppis A’s CCO (?)

SXS  FoV  (3
’)

SXS  FoV  (3’)
SXI (19’)

SXI FoV 19’

The above two targets are potentially nice candidates to challenge the five questions.

SXT HPD 
radius 0.65’

Magnetar 
AXP 1E 1841-045

Kes 73

Magnetar 
AXP 1E 2259+586

CTB 109

2

Figure 20: (left) The SNR Kes 73 with Chandra with the SXS field of view overlaid. The central source is the
AXP 1E 1841–045. (right) The SNR CTB 109 with XMM-Newton (Sasaki et al., 2004) with ASTRO-H SXS and
SXI field of views. The central source is the AXP 1E 2259+586. The dim half part of this SNR is covered by a
giant molecular cloud.

energy ∼0.75 keV (hereafter emission) or as a cyclotron absorption feature plus a harmonic
with an energy of E0∼0.46 keV, hereafter cyclotron (Gotthelf et al., 2013). It wasn’t possible
to distinguish between these models using Chandra and XMM-Newton data.

In Figure 18, we illustrate the capability of the SXS in differentiating between the emission
model and the cyclotronmodel using a 100 ksec exposure. This particular CCO was selected
based on its location near the centre of a large and not so bright SNR (in comparison for
example to CasA’s CCO which will be difficult to resolve from the surrounding bright thermal
emission from Cas A). Note: We need to further investigate the required exposure time and
sensitivity, given also this CCO is embedded inside thermal emission from the SNR itself. Some
simulation of the SNR emission is therefore also required (to be explored in the SNR WP). Other
”isolated” targets will be also explored.

SXS will open a new window to probe and understand the spectral features in an emerging
and new class of (soft) X-ray emitting neutron stars, and confirm whether they are indeed anti-
magnetars.

3.2 How does the magnetic field decay in magnetars?
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Figure 19: Magnetic field of magnetars
and other pulsars calculated from period
and its derivative (Nakano et al., in prep).

Giant flare, short bursts, and bright persistent X-ray emis-
sion exceeding the spin-down power are though to be
originate from the dissipation of the magnetic energy.
However, little is known how the magnetic field of mag-
netars decays and evolves.

Magnetic field measured from P and Ṗ is known to
decrease as a function of “characteristic age”, P/(2Ṗ), as
illustrated in Figure 19. This age is just an approximative
parameter without assuming the field decay, and another
independent age indicator, such as the SNR age, is re-
quired to accurately measure the decay.

For example, Figure 20(right) shows a SNR CTB 109

27

Broad-band and high resolution spectroscopy: Japan-US collaboration 

• Broad-band (0.2-600 keV) spectroscopy with high sensitivities.
• High energy resolution (a few eV) in the soft X-ray band using the calorimeter.
• Challenges towards NSs and magnetars

• Search for proton cyclotron from magnetars and determine the B field.
• Study of NS and magnetar atmosphere models
• Precise measurements of supernova remnant of magnetars: Their birth environment
• Hard X-ray power-law and their origin related with QED physics.
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Neutron star Interior Composition ExploreR (NICER)

 
 

 
 

driven by high-rate accretion; probing galaxy evolution in clusters with Fe line measurements in the intracluster medium 
out to redshifts z ~ 1 or more; and others. 

3. THE NICER X-RAY TIMING INSTRUMENT 
At the heart of NICER is the X-ray Timing Instrument (XTI), a co-aligned collection of 56 X-ray concentrator (XRC) 
optics and associated silicon drift detectors (SDD). Each XRC collects photons over a large (~50 cm2) geometric area 
from a 15 arcmin2 patch of sky, and focuses them onto a small SDD. The SDDs detect individual X-ray photons, 
recording their energies and times of arrival to high precision. Together, this assemblage provides a photon counting 
capability with large effective area (Figure 6), high time resolution, moderate energy resolution, and low background in 
0.2–12 keV X-rays. Figure 7 depicts the XTI functional components: 

• The XRCs “concentrate” X-rays using grazing-incidence reflections. Individual optical elements are truncated 
conical shells, approximations of ideal mirror figures that are inexpensive to make and provide large through-
put. Each XRC consists of 24 nested conical foils, together with a lightweight support structure. Unlike past 
metal-foil optics flown on ASCA, Suzaku, and other missions, NICER’s XRCs are not imaging optics — X-
rays undergo a single reflection. The absence of secondary mirrors increases efficiency and decreases mass and 
complexity, resulting in an optical system that is optimized for observations of point sources. NICER’s optical 
system, including the optical bench, is provided by NASA GSFC. 

Figure 4. NICER’s peak effective X-ray collecting area exceeds that of XMM-Newton’s 
timing camera by more than a factor of two. 

Figure 3. NICER capabilities and measurement products are highly complementary to those of other X-ray, radio, and γ-ray 
facilities for neutron star studies. Interplay between them amplifies the scientific returns from all. 

• Soft X-ray (0.2-12 keV) timing (<300 ns reso.) spectroscopy with a large effective area 
• 56 modules of Grazing-incidence optics coupled with silicon drift detectors 
• Payload to the International Space Station (ISS) in 2016
• High precision measurement of NS Mass and Radius: the EoS and NS interior 

• Phase-resolved spectroscopy method of NS hot spots, Shapiro delay in X-rays 

Approved as a NASA Explorer Mission of Opportunity

Gendreau, Arzoumanian, and Okajima et al. 2012, SPIE
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Summary

• Recent X-ray observations suggest an existence of the toroidal 
magnetic field embedded in the magnetar interior as an energy 
source of burst activities. 

• Different from the poloidal magnetic field estimated via P and Pdot, 
the toroidal field is difficult to be measured. 

• From 8.69 sec magnetar 4U 0142+61, Suzaku detected a signature 
of a slow phase modulation by ±0.7 sec with a period of ~1.5 hour.

• Taken as evidence for free precession of the magnetar, this object 
is deformed with a fractional anisotropy of 1.6x10-4 in terms of the 
moment of inertia. 

• This magnetar is expected to harbor an intense toroidal field of 
Bt~1016 G to deform the NS prolate shape. 

13


