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Observations of free precession of magnetars and estimation of their internal
magnetic fields
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Using the Suzaku observatory, we had discovered long-period

phase-modulation effects in the hard X-ray pulses from two mangetars. This was interpreted as a
result of free precession in neutron stars that are axially deformed by ultra-strong toroidal fields
hidden in them. In the present study, we analyzed X-ray data of these two magnetars obtained with
the US NuSTAR satellite, and successfully reconfirmed the pulse-phase modulation effects in both
objects. However, the modulation amplitudes in these objects were considerably different from those
measured with Suzaku. In another magnetar observed with Suzaku in 2010, a similar phase modulation
phenomenon in the hard X-ray pulses was discovered at a period of 48 ksec. Using the X-ray data from
the MAXI observatory, we studied relations between the X-ray intensities and pulse-peiriod
derivatives of various binary X-ray pulsars. Then, the object named X Perses was found to have
magnetic fields which are comparable to those of magnetars.



# XL C—19, F—-19, z—19 (@)

1. WFEBRME MUY D &

HPET-2 (NS) O THEFIZREN Z VDI,
B=10"Y G LW BRI E B b
WRT R LX—CHREI S5 BlERLND
FI30ME DIMNINS, =7 x&—) THDH[2],
ZTNHOWNENIZIE, X VEW e A XS
BN, FNBBER T RN F— DKy %
HorEZOND, Lo T~/ RE—DARE
DL, BEBI O BERICHET S Z
EPREMICEETHS, LMLBHR /LR
JEAH e Z OB ENLHE TE DDA,
SN B B2 72 W B OBIINEIEE L v o 72,

B I XEE (T3 1L, 2250
< 7 3 X —4U0142+61[7] % £ ON1E1547-54[5]
WZBWT, B XBRA T D7V AN A 5 JE
O 1 TEORBM AL SN TV DHEL
SEFR LUz, ZIVTENEIZB~10"GIZE
THEM A XVBEPNTE L, £ OB
SN X 0 BP0 BRICE TR L7z
. BHSAESHNARE L, A &%
A & DD (~10" ZRENEEBMO e — K
B FRNCULVZADONAZETE L LB
SNz EfRRTE S ([7],

ZORMNIE L TE, Bxid~r r 2 —
D~ vaA XSG BRI HET S, HE
R FEERIIANTZZ LT B,

2. WO HEB

1 TRz~ 7% H—0HHBAER O
WMELVET-H5HDIZL, boT~v /%%
— D v A ZVBEEICE LR OO TR

LWHRZGD Z &2, AMZEORITH %,

BEARMNCIELL T 5 > O HMZ BT 5,

(1) ko2 XKikT TABMZEES)] & Ho
TWDEIEN, [F5< ) 1A REER
K OGMERE TIXR W & 2T 5,

(2) EFD 2 XKD~ 7 3 H — T X
BV A DN FAEF R ERE L, BHEE
B GO/ O R BT,

(3) B XML ADNANETH G %2 EEMN
REFETIVTERL, T—HEFHPTE
BINENE RIS D,

4) =72 F—ORFIZETIHMAEZHED
Blm, BEENDO NS OF T, w73 H2—|Z
VCECT 288 By 2 b O RIKZIFEE T 5,

(5) KA EMEREDOBLEEE 2 v,
YEHRSR BN T 5,

3. WD Lk
2.D(1) ~GIZHIS LT O HEEZES,
(1) A XARRKEE TN T- K E NuSTAR f & o

F— 2 % U, 4U0142+61 & 1E1547-54 @
NFHE RS 2Bl 5, MAKE LT
TIZBH ST D,

Q) I+ )7 —hA4T7F—2%FH L,
oo~ 73X —"T, B XV ADNFIZE
TR ERES D, BEHIRMAE L LTI XA
SREE DN < oy e BLIRER A3 R C
X7~ D& LT, IRXS J1708-40, 1E 1841-
045, SGR 0501+54 72 3T HH 5,

(3) TERDMEHTTIL, X HR L A DE|ZE I
M EXREICRT# T 2 SRE L, & DR
RENZMIE L7 ECTF — 4% 2B HA R,
NRVANROLAEE LR DEMERE L,
T EED NS e I S REE A E L
TORNMMEEEZDHZ L TRUT—% %
By, BEF—H L OEEITH,

(4) EREHAT—aicgfisn-a
KX BREARLEE MAXT OF — % ZFHH L.
WL OO X R E LY — (BXP) 12T,
A2 CEMOBLRE XBIEE L O
A MRS OEEHEET 5, &<
(R (>3 E) O BXP BMEMTHh 5,

(5) 2016 F\ZHT B LI T & D ASTRO-H 21X
EREE O XA A Y v — (HXT) 3 4 4%
HTADT, HXI 2V~ 7 %% —0#
W25 - LRI D,

4. BWFIERE

(4-1-1) 4U 0142+61

NuSTAR 1% 2014 4F 4 A2 Z O30 28
8.69 WO~/ x&—%# 3 BITh= v &N
LTRBY, 7—X T TIZARIhTW5D,
T OT — X &AL 7= Tendulkar et
al. (2015) 1%, T3 <) TRAINEM
T=55+4 ksec TOM X/ IV ADNFIIZET
(Makishima et al. 2014)1%. #H T 722V
EHE LT, L LD OfTIE, =% /L¥
—HOBROERC, BT A —F OBREFIE
7R ENEEL STV o T,

FIZTHAIIZ, RLUT—%T10-70 keV D
FiPH A O, AFRAW T 23R - T TEFRT
ZiTolz, TH5EK1IDE T, T8
LA U T=55 ksec T, 8.69 PO/ /L ADHE
JE AR IREHE 7 BNBEE ST D (A 2P~
1) ZEexExikDdie, T8 OB LR
CJEMITAZ ~11 O X 5 MR MRIX
<105 THDHZ &ELHERINZ,

Z 9 LC T=55 ksec O XL AT FEZE
FAHS NuSTAR THRRH SN fER. e 4
S ) ICHEAREBHKOBYHIRTH DG
TR Enz, 72 19&< ] TH NuSTAR
Th., Z OB FITME X BRSO/ S H,



X BRSO3V AT, B E RS 2o Tz,
THUIETBSE S, EEEHICHL LS HD
T2V EEHBIRL TV S,

MR TOEERENE LT, T8
TITEFHIEIE A 4=0.75 sec (1 73/ ADK
8%) 72> 7= D%t L, NuSTAR TlZ 4=0. 15 sec
L1/ LT ENHBH LT, 72
DO TIIAREREDR, AFBNI L& T 5
X9 THD, ZHIE NS OEHRRLH HE A
FOEIEY MIT—ELD, WX RO &
— AL L, A NS OxfFrdlE b
D OB AEEZ RSB IEE AR KT D &
LCHBATES, UEDOX SICAIZEZ B L.
4U 0142+61 23 H HEAEBH ZIT-> T\ D &
WO BT, RE b En7e, BRSUTETE
FFEER L, HEERITH D,

0.20

0.15

3)

I

Z 470 =

N 0.10 7
(o]
S’

0.05

N
20 30 40

50 60 70 80 90100
T (ksec)

1 : NuSTAR 7 — % % fiffr L T HiL7e 4U
0142+61 @ 10-70 keV /S /L R {H FARAT O F 5.
RREIIOE U7 A, SEERRITER AT
STHLNTRKD 72 (i) . SRR
P KL 5 & & OERIERE A ez s),

(4-1-2) 1E1547-54
ZHUF OV AE 2,01 B E G OfcE AR

~ 7R H—T, 2009 4E 1 I X TREDE L.

[+ X< ) THHSNTZ, DT =M bHiX
10 keV DL B X4 ¢, 7=36.0+=3.5
ksec, 4=0.527+0.14 sec DXL ANAHDIE
TR =51,

ZOREITE A OBIREIZE SN T,
NuSTAR T 2016 %4 A, % 1.5 HIZH7= 0 8l
WSz, T TITHDLITKD Y . XERMRE X
(&< ] OBRAFFICE1IMLL EL T-
TV, NuSTAR DEWREDORBET, BE
EFT— 2N 55T,

X 2i%, 2D 820 keV F—#{Z, UL A
B WL OGN % 5 L 7=/ R T, X1 &
ALEXLTHD, ZL21c, 8K TF
HALTZ 1236 ksec ZRE L CTHEX ARSIV A %
WHTH L. 7V AOEBENIEZ |2
HT Embnd, o TZOXRIKTH, 1T

L) ORRNBREEINTZ, EROEEIL,
X< TOELVAREICTRD, 4~0. 15
sec (272> Tz, 2THAHTIC H BRI 72 B —
IRRBND,

85 — - 03
o Ty
i "
80 i - . 0.25
[ ".I
.l 1
i 02 2
! <
i 015 E
"""""" Lo ¢ 4 &
| R L 8
\ g 0.1 &
 § Ly |
I
1o V) §
i 0.05
55

0
10 20 30 40 50 60 708090
Modulation Period (ksec)

2: NuSTAR TH & 7= 1E1547-54 ¢ 8-20 keV
T — 2R B oV AT OFE R, ERX
X1 ERUCTHD,

[T&L ) OT—hATFT =416, EAH
P=11.00 sec O~ 27"k % — 1RXS J1708-40 & .
JEHA P=11.79 sec @ 1E 1841-045 %3 A TIA
BT fRAT 24T > 7= 1RXS J1708-40 1% 2009 4F
L 201040 2E K 1.5 B3 8lHIENnT-,

75 — 15

70 >
3
=3

65 =1
o

¥ [¢]

60 | =
[¢]
N

55 3

50

45 0

20 40 60 80 100
Modulation Period (ks)

X 3: T4 &< JHXD T 2010 4EI2 537~ 1RXS
J1708-40 @ 13-47 keV T — Z ITxkd 5L &
BAHRfATOREER, BT 12 EFRC,

T AT OREE, M3 IZRT LI,
2010 A= 1RXS J1708-40 DF — & Tl 7=48
ksec, A=1.2 sec Z{RKE L T 13-47 keV D/
VAN BIERFA OERE T &, SV ADH
BENKESWET DI ENRAINE, &
IO~ T 32 H =0, P/T=2.2X 107" )&
DOIEERN LT A b D, B AEER 21T
STWAREREMRS D, 7272 L 2009 4F
DT — X TlE, RN % 53 LLRT 2 5 L
ADFEEN 7°~65 L, 7LV ANAEN



T=48 ksec TEFEINTWHHEIL., HERT
X oTm, T 2009 4RI IREE X RO
FoX B — PN E WS R A R o TV 2o
WZxF L, 2010 4RI F ORIFERN B b= 2
L H R A 1E 1841-045 OF — Z v Bk,
H g AEE 2~ TR, o TRy

o

CHETOMPT T, BHMRBLmL LT,

il X gL A O B 35 W5 ] A 553 1912 /i %
THLEEEL., FORBENEZAIELZET
T—H B BIRIAR, IV ABREREERD

FHEEZTRL TV, KBRS & LT,

NS OREE B XD 1 77 EREL. F1
NAEEERY M EAE o (HIEYA) 72
TN TNDEEZ, S DI X BRI D R
EDLINTHEIN G, B DEEED F B
<HHENDERELZ, £FOFT, X
NBRNVADRFENEHEHL L, 2007
GBS T8 &2 O X ARG D B 35 R &
BIEL SV AREE T T2, TOREFR. 2009
Fi2 [978< ) THENT- 4U 0142+61 @
T2, MBI Y IR T A — X FETRE
WTEDZ ENDNoT,

X< 2RV~ 2 X —DHMA
TR ORE L IIROT Fa—F & LT,
EREFHEAT —va vicEf I e RX
PRECALIERE MAXT 2RI L, BEdo X fiE 2
2OV — BXP) OHIZ, ¥ 7R Z —IZ L
DR 2 D DO RIENE A TR VR
EE2IT-Tz, TOTFEL LT, BIFOUVNS
ZEMERRER (cXBHRE) bl
SR SV AEMNED D SN D
(Ghosh and Lamb 1978) Z & ZF|H L7,

FPFRIEZWET D720, 4U1626-67 &\
9 BXP & MAXI TRH (~7 ) 2Bl
W U777 — & it LIk R, RERE W &
XXZOBXPBNAE LT v L. BENMEN
LAV U E TR L, £ FOREEN
Ghosh and Lamb (1978) O H#HET /L TR L
TR TE D Z L AVHIH L= (6],

RIZ, MAXT CRIERICEMIZ O v Bl S
7= 12 {E @ BXP ClRARZ2MFFE & AT > TG 5.
Ghosh and Lamb EF /VIZE £ 5 R AR
EMEZ TN 5 2 LI L7211,

LLEDFAFHFFED T MAXT T 7 HI2H72 b
B LU7-. X Persei OF — X &M L1-,
Z i 835 *¢@§b\/\°/b;{)§l/ﬂ;ﬁ%%onp <
BB, TORRE, A ABMOELHIT XM
BRFE L BAMVEARI A R L. Ghosh & Lamb O3
ETFLEHBLIZE Z A, EFVICNIET S
REMZEZFBLTYH X Persei O BABAHiss

12 (3~30) X10%G LHEE S iz, Zhd@EE
DOBXP DELY 1Hibm<<, v 7 REZ— D
BT 2 TH D, ZNiE~7 rm¥—
ORJFEEZE 2D LT, BEERTEHNID LD
EHfFEN D,

[ &< OB ASTRO-H 5 2 13 R I 72
FEBS I X 0 B & . 2016 -2 H 17 H |
JAXA OfETEFEHEC Y —nb, H2 vnry
k26 BT B EF oz, BEIZATED
HERFE BI#LEICHRY [O & 2 & aidk STz,
Loy LEH S 7= 8EEE 0N D EiF 23
E5E T L2 3 A 26 H, ZEGIERO T
MEREMEIC L W, TO & &) 1T AR R
W2k . KB A R EomiEE2 &7 L,
IR N OEEEAELR L CLE-T, LM
ST TOEH] LD RDOKRIBRERIT,
Eia TE oo Tz,

5. E7p¥EFam L5
(WFFEfRFeHE L TE 03 (I TR
(HERERm ) 9, X THEBHEAE )

[1] Sugizaki, M., Mihara, T., Nakajima, M., &
Makishima, K.: “Correlation between the lumi-
nosity and spin-period changes during outbursts
of 12 Be binary pulsars observed by the
MAXI/GSC and the Fermi/GBM”, Publ. Astron.
Soc. Japan 69, id 100, 21pp (2017), DOLI:
10.1093/pasj/psx119

[2] Enoto, T., Shibata, S., Kitaguchi, T., Suwa, Y.,
Uchide, T., Nishioka, H., Kisaka, S., Nakano, T.,
Murakami, H., & Makishima, K.: “Magnetar
Broadband X-Ray Spectra Correlated with Magne
-tic Fields: Suzaku Archive of SGRs and AXPs
Combined with NuSTAR, Swift, and RXTE”,
Astrophys. J. Suppl. 231,1d 8, 21 pp (2017), DOIL:
10.3847/1538-4365/aa6f0a

[3] Nakano, T., Murakami, H., Furuta, Y., Enoto,
T., Masuyama, M., Shigeyama, T. & Makishima

K.: “Study of the progenitor of the magnetar 1E
22594586 through Suzaku observations of
theassociated supernova remnant CTB 109, Publ.
Astron. Soc. Japan 69, id 40, 15pp (2017), DOIL:
10.1093/pasj/psx012

[4] Laplace, E., Mihara, T., Moritani, Y.,
Nakajima, M., Takagi, T., Makishima, K., &
Santangelo, A.: “Possible regular phenomena in
EXO 2030+375”, Astron Atrophys. 597, id A124,
9 pp (2017), DOI: 10.1051/0004-6361/201629373

[5] Makishima, K., Enoto, T., Murakami, H.,
Furuta, Y., Nakano,T., Sasano, M., & Nakazawa
K.: “Evidence for a 36 ks phase modulation in the
hard X-ray pulses from the magnetar 1E 1547.0-
5408, Publ. Astron. Soc. Japan 68, id S12, 18pp
(2016), DOI: 10.1093/pasj/psv097

[6] Takagi, T., Mihara, T., Sugizaki, M., Maki-
shima, K., & Morii, M.: “Application of the
Ghosh & Lamb relation to the spin-up/down




behavior in the Xray binary pulsar 4U 1626-67",
Publ. Astron. Soc. Japan 68, id S13, 14pp (2016),
DOI:10.1093/pasj/psw010

[7] Makishima, K.: “X-ray studies of neutron stars
and their magnetic fields”, Proc. Japan Academy
92, 135-155 (2016),

DOI: 10.2183/pjab.92.135

[8] Nakano, T., Murakami, H., Makishima, K.,
Hiraga, J.S, Uchiyama, H.,Kaneda, H., & Enoto,
T. “Suzaku studies of the supernova remnant CTB
109 hosting the magnetar 1E 2259+586”, Publ.
Astron. Soc. Japan 67, id 9, 12pp (2015), DOI:
10.1093/pasj/psul35

[9] Sugizaki, M., Yamamoto, T., Mihara, T.,
Nakajima, M., & Makishima, K.: “Luminosity
and spin-period evolution of GX 304-1 during
outbursts from 2009 to 2013 observed with the
MAXI/GSC, RXTE/PCA, and Fermi/GBM”, Publ.
Astron. Soc. Japan 67, id 73, 12pp (2015), DOIL:
10.1093/pasj/psv039

(FRFFK] GH191F)

(1] kigwe, =R aal, 5, e —k

Be EXFEE NS NLY — BT HBE A
T TR O SREBIMGE] . HARAYESESE
ZAES: 20184E3 25 H CRAEHER K% - B H)

(2] RHEESEIE, BE—K, ZFEIL, Bl
e, mAFIFE FEEM © [Ghosh & Lamb [
& RV ETIVOX R LY —X Persei
~DiEH | . BARRIPEFEFFES, 201843
H19H-22H (FZEKF)

(BB —FK: THHEFEOH LWEBIIFFH#
VOB . FEel THiET2EoEwE) b
Fesx. 2017T4E12 A 2 H (BRAF « Foot) FHAF T

41 E—FK: =72 X —HhOimEEs = >
X B L — @ X Persei £ 4U 0114+65]
[PE 2O M LB Fgeistiby —2
g v 2017411 A 23 (JESE K 3CE - =)

(51 —3: T XHIZ L AT 2ol .
RRIK L TLRARE PO ETDHFHEY
P24 | 20174512 A 2 H (FRAFFNE) F45 370

[6] Makishima, K , Takagi, T , Mihara, T ,
Sugizaki, M , Yatabe, F , Sasano, M , Nakazawa
K. & Nakajima, M. : ” Do Long-Period Binary
Pulsars Have Stronger Magnetic Fields than
Ordinary Accretion-Powered Pulsars?”, European
Week of Astronomy and Space Science, 201746
H30R (77, F = adfE)

(7] BB —F, mAFRL, ZIFEEL, #IRE,
AEERS e, R fPEREIVE. PR G
[ 8 H X 7S —X Persei 23> 106
DFBRESE % L HOFHENE ], B AR FEEFES
4 2017THE3H16H  (JLl K% - FHE)

(8] BB —F. mAFIREL, ZIFEL, #IRrhE,
AEERS e, R PR AR, ABATE
TE 8 X LY — 12 10PC D R RE 4 b
O], BARYEFEREES, 2017434
17TH (KK - E)

(91— K, s, A EisE, HBmvE .
[ 7% & —4U 0142+61 D [ H 5% 2= EH) .
NuSTAR 7 —Z I K HHRGE) . HAYBRF 2K
FRAES: 20164E9 H 24 1 (BB RS « KIE)

[10] BEG—K: [~ 731 % —0HHEAET |
R E M BT, 20164F9H 8 (1LTE LR
FiER)

[11] Makishima,K., Enoto, T., Nakano. T.,
Murakami, H., Furuta, Y., Nakazawa, K. &
Nakagawam Y.E.: “RECENT X-RAY RESULTS
ON MAGNETARS (Poster)”, 14th International

Symposium on Nuclei in the Cosmos, 2016406
H20~230 GERTIARHE A v &)

[12] Murakami, H., Makishima, K., Enoto , T.,
Nakano, T., & Nakazawa, K.: “A new approach to
observe toroidal magnetic fields of magnetars”,
XMM-Newton: The Next Decade, 20165£05H 9
~11H (European Space Astronomy Center, <~
RY— kK, A1)

(18] s —R, P, A LG, fiEm
Ve =27 3% — 4U 0142+61 DFEXFR S IL X
(EAHZER : NuSTART — & Ofifffr) . HAKIL
FREFES 2016403 1TH (HHR PR
AL PRI

[14) BEFERS . SREET, b0 Sk, IREhLKE
KR, WHEE, G —K: =734 =Dk
S & X ORI & B E
gt o N [

(15] HEpf2 5. s, HILSEEE, & Lk
=,OEPEY, MR, R TR
BB CTBLOIDXARBRNC L D5~ 7 & —1E
2259+586 DFLEE BOHEE | . B AME SRS
FWHES, 2016420321 CGRALFPERT)

[16] #E—FK: [HHEFEICEET 21 D)
OB/ AT a b — gy | T2
OB & - FIRIEHE LY —2 v a v
2015412 H23 0 (R R - AbE)ID

(17]) BB —R, EE, F EisE, Sk
K, PEHES, R, PEHE: [ [
M ks~ rx2—HABEEEHO _HIH
D3 H, : 1E1547. 0-5408] . A AMHFSFKH]
4 20164E09H 26 H (RBRKRF: - &)
(18] #F EysE, HE—J, FBMEE: <7
& — 1E 1841-045 ¥ LU} 1RXS J170849.0
400910 @ [T X< 1 12 X BHEHR L 215 H
AT . HARRLFESKEFES, 2015429 10
H (HFEKF)

[19] HE—K, EE, A EE, Sk
K. HEEE, hEmE . [ [+8<] itk
D7 3% —1E 1547. 0-5408D [ 5% 25 E H)
ot @) . [k

() GFofh)

(PESEIA PEHE)
OIREL (G0 1)
OBtk (0 1)



6. WFZEAERR

(D) AFgefa=4E
BB —3J< (MAKISHIMA, Kazuo)
HWRORT: - REFEET SRR - 4587
WFgeE &5 1 20126163

(2) WrFEsyHE
IR EPE (NAKAZAWA, Kazuhiro)
LR RKT: - RKFFGEEFA TR - #EZEF
g &5 1 50342621



