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Abstract

X-ray binary pulsars (XBPs) are close binary systems consisting of a strongly magnetized neutron
star and a normal star. XBPs are also referred to as accretion powered pulsars, because their X-ray
emissions are powered by the gravitational energy released in the course of the accretion on to the
neutron star. X-ray pulsation of XBPs results from the changes of the viewing angle of the X-ray
emitting “accretion column”and its adjacent area due to the spin of the neutron star, which are filled
with hot plasma heated by the potential energy released in the course of mass accretion on to the
neutron star. Very high temperature, high density and high magnetic field, which are difficult to
achieved on ground, are realized in the XBPs. In this sense, XBPs are often regarded as laboratories
of extreme environment suited for the investigation of the interactions between matter and light.

Hercules X-1 (Her X-1) is one of the best known and best studied XBPs since the beginning of
X-ray astronomy. Although Her X-1 has been intensively studied since the discovery of its X-ray
pulsation in 1972, X-ray emission mechanisms have not been deeply investigated so far and they were
understood only phenomenologically. Situations were similar for other XBPs. One of the reasons
may be complex changes of the continuum spectra from ~0.1 keV through a few tens keV with the
pulse phases. Another reason may be such that a simple continuum model of a power-law with a high-
energy cutoff can reproduce the wide-band energy spectra quite well and hampered the motivation
to deepen the consideration of the emission mechanisms.

” )

In this thesis, pulse phase resolved X-ray spectra of Her X-1 observed with the* Suzaku” ’ satellite
are analyzed in detail. Because Her X-1 has been well investigated so far and its pulse period and the
binary parameters are accurately known, it is best suited to study the emission mechanism through
the spectral analysis. Furthermore, it is located at high galactic latitude and have little interstellar
absorption, which enables us to observe the very soft band of the X-ray spectra. This is also the
merit of Her X-1. However, because of the short pulse period of Her X-1, about 1.23 sec, we cannot
resolve its pulse phase with the normal operating mode of X-ray Imaging Spectrometer (XIS) on
board Suzaku, whose standard exposure time is 8 sec. Therefore, we used the data obtained with
the special observation mode, namely 0.1 sec burst option, which has an exposure of only 0.1 sec and
the rest of 7.9 sec of data were discarded. With this burst option, enough time resolution to resolve
the pulse period of Her X-1 was achieved, although the observation efficiency was reduced only to
1/80.

Analysis of the data was performed under the simple hypotheses that the variations of the spectral
shape are due to the changes of viewing angle, thus the changes of the projected area, of the emission
region with the spin of the neutron star, and the spectral shape of each emission component does
not change with the viewing angle. Following this guideline, ratio spectra (spectra of intensity ratios
calculated for each energy bin) are first calculated for various combinations of the X-ray spectra
obtained for each pulse phase. Then, flat portions are searched in the ratio spectra. The portion is
considered to be dominated by a single emission component, which may be extracted by taking dif-
ference of appropriate pairs of pulse-phase resolved spectra with appropriate weighting. As a result, 3
candidates of intrinsic emission components were found: a blackbody component dominant below ~1
keV, a power-law component dominant between ~2 keV and ~6 keV, and a blackbody component



dominant above ~18 keV. Among these, the power-law component dominant in the middle energy
range is considered to correspond to the phenomenological model of the multi-color blackbody emis-
sion from the accretion column through the comparison with the latest theoretical models. Thus,
the pulse-phase resolved spectra are tried to fit simultaneously with the three-component model of
low-temperature blackbody, multi-color blackbody, and high-temperature blackbody. As a result,
the spectra could be reproduced very well. Based on these fitting results, the relation between the
3-component model we obtained and the phenomenological models (such as NPEX: Negative and
Positive power-law with an Exponential cutoff model) used to reproduce the observed energy spectra
from many XBPs so far is discussed.

It is a unique result of this thesis that the three intrinsic components are extracted with the
model-independent spectral analysis and their spectral shapes were constrained. Presence of these 3
components is consistent with the prediction by the latest theoretical models. Thus, the 3-component

model is expected to be used widely to reproduce energy spectra of various XBPs in future.
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gooooogo

F(E)=AE “exp{—Nno(E)}

(1.4)



O0O02000000000000000000COCOOOOODODODOOOOOOOOO0O0O00O
O000000000000000000Mihara (1995) 0 O “Negative and Positive power laws with
EXponential cutoff (NPEX)" OO0 O OUOOOOONPEXOODOOOOOOOOOO IndexO0O0OO
O00000000000D0 cutoff00ODOOOOOOOODODOOOOOOODODODO

F(E) = (A|E~™ + AyE™*)exp (E/KT), ay=2 (1.5)

O000KO Boltzmann OO OT7T000D0DO0D0O0O0O0O0OODOOOODOODOOOOOOOODODOO
NPEXOOOODOODOODODODOOOODONPEXODODODOOODODODODOODOODOD
O0000000DO00000000DO00D00b0oD0o0bO0oD00b000OcutofODOOOO
U0 Wienspectral 0O OO0 OOOO

O00000OBecker & Wolff (2007) 0000000 XOOOOOOOOOOOOOoooooooOO
OO000O000O000O00bO00oOOoO00oO0o0bOO00bOO0OO0bOO00oDOOooDOOooDOOoOooO
0000000000 0ODOBulk Comptonization J Thermal Comptonization0 OO0 OO0 OOOOO
OO0 Wolff et al. (2016) 0000000000000 XSPECOOODOOOOOODODOONuUSTARDO
O0Her X-10OODOODOODOO4-7keVODOOOOODOODODODOOODOOO it0OD0OQOO

0000000000000 00bO00Db0bOO0DbO0bOO0ODbDO0ODOoDOoDOoDOoODOobDECUTOO
O0rFDCOOOOONPEXOODOOODOODOOODODOODODOODOOODOOODOOOOOODOOOO
OO0000b00bO0bOobO0obOO0obOU0oO0b00bOoDbOO0oDO0ODO0ObO0O0ObOO0ODbDODODOObDOODOO
000000000 bOoooobooooooooooOoooOooooDoooo sftooooooo
O00D0DO000000D0OooDo

gbbboooobbodgd

ooodboobooboobobobo Xgbooooooooooboboboooboobobobo
0000000000000 000DO00000O000000Od CCycrotoron Resonance Scattering
Feature, CRSFOOOOOCRSFOOODOODODOODOOODOODOOODOODOOODOOODOODOOOO
dooobobobobobbbbdoooooooobbobbbbbbddooooooobobooboo
goooboooooboobobooboboobboobobbbooobbooobooboboooo
O00o0Db00o0obooooooocCrRSFOODOOODOOOoOoOoOoooooobooobDoon

00000000000000000 deBroglie00DO0000000000O0D0O0O0ODOORBZ 10"
GOOobOoOoobobOobooooobobOoooobobOobOOobOobOOoboDoobobOoooood
O00000000000000 heB/mee00OD0ODOD00e000O0O0BOOOOOOODOOOOM.O
O00o0o0dc00bDO00b0obOoobooCRSFOODDODODODOODODOOODOODOoOobOOoOOooOoOoo

ooooooon
n heB n

:1+zmecN1+z
Bp,O00102 Gauss 00 0000000000000 20000000000000000000
00ddddddddOrn=100000000000000000000000000O0OOOOO
O00000-=200000000000000000000O000
CRSFOOOOOOOOODOOODODOOODOODOOOOOOOOOOOe " ®Ooooooooon
0000D0oOooOoOo0OoO00000d0dd0d00ooooDooOobOo0o0000oooooooDooon
O000000000000ooo0o0o00ooOr(P)DO0000 FOODDODOOOOOOODODOO

11.6 [keV] X Blg (16)

cyc



O0-(F) 0000000000000 COO0000000DDOOC0OO00OUooOooOR(E)DOO

(B~ Ecyc)Q}

2
20cyc

T(E) = 19 exp [— (1.7)
oooooo0o000n0Ey Do, 0000000000O0O0O0D0O0O0O0O0O0O0O0O0O0OOOO0OO00
ggodouobbobobobboddddoooooodoooooobbbbouduuouooo
O00000000DOO0DO0O00O0DO00D00DO0000oDOD CRSFOODOOO0DOODOODOODOOO
gogooobobbobodgogoouobobbboouooouooobboobbbboooaun
000000 CRSFOODODODODODODOOODODODODODODODO0ODODO0DO00ODO00D0D00ooooon
0000000000000000000000000000000000 ( Mihara et al. (1990);
Makishima et al. (1990) ) D000 ~(E)0 000000000000

(WoE/Eeye)? (WAE/2Ey.)?

E) —
TE) =T T E e+ WE (B = 2Beye)? + V2

(1.8)

gbobbooodgbobbbooodoobbboooobbboooobbburnbnO0O0O0obO
oooooboboooooow,0w,000000000b0O0000o00oobDoOo0ogguCRSE
gbbogobuodgbbodboobobuoobbodbobbodobooboboobboobooon
gbobbooogbbbuooobboboooobbbuoobbboooobon

6.4 keV UDOO0O

ObobO XO0ooooboooobe4 keVOOUOLODOOOOOOOOOoOOOooODbOOOoDOOO
OO0b00evOOODOeVvOOODODODODODOODOODODODOODOODOODOOO0ODbOODbODbODbODO
goobobbooobbbboooooooooobobobbbooboodooooooooobboon
oboobooboobboboboo Xooboboooboobuoobuoobooobboobooo
gbooboobobobobooboo XbooboooboooobooXoboooboobooo
OoooBOoOooooOooOoOoooOboOoOoOooObOoOoooDObOO0OooDOOoDODOOOoOobODOOobODOO
gboboboobobdedkevOOoooobobooooboobobo Xgboooooboo
O00000000000006.7keVI6.9keVODODODOOO0O0OODODODODOEnNdo et al. (2000) 000
64keVOODOODOO6B.7keVO Hellike UODO KOODODOOODODODODODOOOODODODOODO

Soft Excess 0

00000 XOOoOooooooolkeVOOoOoOoOoOODOoOOOoOoOooooOODOoOoOoooooo
00000000000 000D00000000D0OODsoftexcessd0O0O000DODOODOOOOO
O00000<05keVOOOOOODOODODODOOOOOOOOOOOOOOOODDODOOOOOOO
0000000000 10°km000000000O0O0O0O0XOO0O0O0O0O0O0O0O0O0O0O0O0OO0OO0O0
0000000000 (Hickox et al.,, 2004)0 0000000000000 00O0O0OOODOCOOOO
000XO0O0o0ooOoOooooooooooooooooooobooooooooooooo Xoo
0000000000000 00000000000000000DODODOSoftexcessOOODODOOO
00000000 000000oooobo000o00ooooObo0o0ooooooobobDoO0 Xooo
O000000D0D00 Softexcess DO D DOOOOOOOOSoftexcessOOOOOOOOOONO
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1.24 0OJ0O00O0OO0OO0OOOO

XOoooooooobooboooooooooooooooooobooboooobooobosoo
b Xgobooboobooobobobobooboliobobooobobooboboboob 20
gbooobbgobboobobuoobobuoooboobboobboobbooobooob
gogggdoooooooooooooooooboobobooboboobboboobbbbobobobobon
OO000000000000000X0000 beamingOOODOO0OO0OO0O0O0O0OO0O0XO0OO
O000D0 XOOOOODOoOoOoOoOoODODOpencil beamOfan beam OO0 O0O0O0OO00O00OO0ODO0O
Pencil beem OO0 O0OO00DOOOOO0 1000000000000 DOOOO0Ofanbeamd00O0O
O0o0booooboboobooboobooboobboobo0ooob0ob0oOooUDO pencil beam
O0O0o0oooboo0oobbo0oooooooDoooobobD fanbeamOOO0O0D0OOOO0ODOOODOO
O0o000ooobo0obooboobobobo0oDobobobo0oboooOgbOogng pencil beam, fan
beaem O OO O0O0O0OO0OOO0ODOOOODOO0ODOODOOODO0ODOODODO0ODLODODOODbDODO
gboboboooobbbuoooobbboooon

1.3 Herculess X-10 Her X-1, HZ Her[]

Hercules X-1 (Her X-1)0 0197200 UhwuO0 00000000 XO0OOOOOOOOO (Tanan-
baum et al., 1972)0 X 0000000000000000000 XOOOOOOoOoooooooo
Cen X-30UOOODOOOODDODOOODDODOXOOODODOOOOOODODO 6.1 kpe(Leahy & Abdallah,
2014)0X0000 Ly ~10% erg/sec 000 0000000000000 0O0O00OOODOOORA,
DEC = 254.4575, 35.3424 [deg|D 0000 0000000000000 000000000O0OO
000 XOO0OooOooooooooooooboooooobooooboooboboooooo
Her X-100OOOOOOOOOOOOO HZ HerculesO HZ Her, 00 ~2MoOA/FOOOOOOO
000 00Roche Lobe Overflow D0 XOOODODODODOODOODODOOOODOODODO 1.23sec0 0000
014day0 00000000000 35day00000000O000O0O0 (Tananbaum et al., 1972)0
Her X-10ODODOODOODOOOOODODODODOODOODOODODOODOODOO Inclination 0O
1>80°00000000 (Leahy & Abdallah, 2014)0 000 0000000000000 OODOO
O0000000O0DO000D00000D0ODO0O0O0D000D00 Precession0 0020 —40°000
000000000000 0000000000DO00000O0DO0000o0DOO0ooOoOO0ooDOoon
00003 day0 000000000 ODOODO35dayd0 0000 Omain-ond ~10 dayd] mid-on
0 ~5 day[offt] ~10 dayD O O 0 0O O 0O O O O O main-on phase O short-on phase 0 0 0O 0 00O O off
phase 0000000 O0DODOO

1.3.1 000000000

Ul24secUU0U0000O0O0OOOOOOO3SLDULOOOO0OOOOODODOOOOOO0OODLDDODO
000000 (Zane et al., 2004)0 main-on state 0 000000001 keVOOODOOOOOOOO
gbouogboobdbbodb isougbuogooboboobbooobbooboboobobooon
gboggobuoobbodobbobuoobbboobboobbooboobboobbooboon
OlkeVODODOOOODOsnOOODODOOOOOODODODOODOODODOOOODOODOODODOO
gbbboooobbbuoobobbboodgbobbodao
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1.3.2 OO00OO0OO0O0OOdd

Her X-1O0 XOOOOOODOO1keVOODOO 100 keVOOODODOOOODODODOOODOO
0000000000000 000000000000000000(1) 20keVODOO cut-off 0O
O00000000000000D00(() 1keVvOOOOOODODOKTee ~01keVOOOODODOO
(McCray et al., 1982)0(3) 1 keVOODOOOOOOOOODODO “broad 1 keV emission” D 0 OO 00O
O (Endo et al., 200000 00000000 LshelOOOOOOOO0OOOOODODOOODDODODOO
000 (McCray et al., 1982)0(4) 6.4keVOOODOOOOO FeOOOOOASCAODOOOOOOOO
6.4keVOODODOOO6.7keVO Hellike 00O KOOOOOOOOOOOO (Endo et al., 2000)0 (5)
30keVOOOOOODOOOOOOOOODOCRSFM Truemper et al. (1978); Fiirst et al. (2013)0

O0bO0o0bO0o0boboobooboobbO0b0bb0Her X-1000O0OO0OOOOOOOODOOODO
0110000001 keVODOOOOODODOOD1keVOOODOOOG4keVOOODOOOOOOOO
goodoooobbbobbboooooo

1.3.3 O0OOO

U00O0O0OD0Her X-1OODOODODDODOODLDOOOODOOODOOODOO XODOooooboo
gogbobbbbbobbbtouoooooooobobbbboobouodoooooooobbobon
gboobooXobobooboooobobobobooooboboboboboboooboboo
gogobobbbbbbbbootddodgooooobobbbbbbdoooooooooobbon
gogobobboobbbboooooooooobobbobobobbboduooooooobboon
O00000000000D00OO0DO softexcessUOOODODOOOOODOOODOODOOOODOO
gbooobogoboooboooboobooXbooooboboobooobooobboooo
gbgbbbuoodobbboooobboooobbooobbooobboooobboooobn
LMC/SMCO0 XOOOUOOooooooooooooogoLMe/sMcooooooooooooo
gbogbobobboboobobooooboboboboboboboooobobobbob
gbobodboobobuoobobuoobobuoobUb Her X-10O0ODOOODOUOODOHer X-1
Oooobboboooboooboobo0oob0oob0o0obOoos3 000l main-on phase 00000
gbobobobobooobobobobuoo XbobuooooboDbUOHer X-10000OODODO
gbobobooboobooboon

1.4 XOOOOO OO0

000000 oo0O0oOOooo0oOooooooooooooooXooooooooooo
O000001keVOOOO 100keVOODOODODODOODODOODODODOOOOOHerX-100
O00001keVOOOO 10keVOOOOODOO05keVODO 30keVOODOOODOODODOODOOO 1.23
O000O000obOo0o00ooobOooooDbOo0o0ooobOooooDoOoboOoooboooonom@on
00000000000 boOoooooOooooooobooDooooobooDooooooan
O00MOoooooOooooooooooooon

O0oooooz00 70 10000000000000O0K000 XO000000000O00OO
O570kmO000000000O0DO9O0O00O0O00O00O000O0O0O0DO400 XOOOOO X-ray
Telescope, XRTOO OO OOOOOOODOO XOOOODOODOO X-ray Imaging Spectrometer, XIS[T]
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00000 XOO0O0O0OOHard X-ray Detector, HXDO OO OOOOO 'OXRTO XISOOOOO

0000000000017 x17000000XISO0.2-12 keVO O HXDO 10-600 keVO O O OO O

OO00obooboboooogoonDoz2e00 keVOOOOOOODOODODOO
gboboboooobbbuoooobboooon

1.4.1 XRT

XO0Ohooooboboooooboooobobooooobooooboooo Xoboooooo
XO0OODO0OooOooooooo Wolter lDDODDO0D0ODOD0O0OODDOODODDODOOOOO0ODODDODODODOOO
gobgoboobobobobbobbobboobbobbobbobboobbobobboobogrTs
000000000000 O00DO0oDO0oooooob0obOobOOoOoDOooODo0DoOooOobOoDbOon
O0doooboboooboboooooboobooooboooobooobobooobooooo
0000000000000 0O000O0OPoint Spread Functiond PSFO OO 0O O

1.4.2 XIS

X OO0 Charge Cuppled DevicesO CCDOODOODOODOOODODODODOOOCCDODOOOOOO
0000000000000 000D000D000000000D 0000000 Frontside Muminated,
FiIOOOODOODOOODOODOOO0oooooooooooooboobOobODbODOdU Backside Hlu-
minated, BIDOOOOFIOO CCDOO0OO XOOODOODOODOOOODODODODODODOOOODOOO
0000000000000 00O00000 BIDODODOOOODODODODOO0OOO0ODODODODOO0OoOOoo0OO
Oo00O000O000obooO0obOoO0obObO0oUoobO0o0oDO0oUobOOoO0bOoO0oOOooDOOoUobDOoOooo
O000MDOD0O0O00O0O000OD 400 CCDODOOOXISo, XISt XIs2, XIssooooooooo
XIS0, XIS2, XIS3 0 FIO O XIS1O BIOO CCODOOOOOO 20

XISOOOOO 8sec/frame0 0 0000000000000 0O0OOOOO frame transfer 0 00
0000ooooooo0o0oooooon burst optiond0 000000 OO OO O Burst option O [
0000 0.1sechburstoption0 0000000000 8secOOODOONO 7.9secd dead timed OO
O00000O01sec000D00OD0O0ODODODODODODODOODOOODOODOODOYpIlewpOODOOOO
O00000DO0000D0option0 0000000 0O0ODOOODOOODODOOOO01secOOOOO
ooooooo

1.4.3 HXD

OHXDOOPINODODOODODOPINDOO GdoSiOsCe OO ODOODOODOODOOGSOODOODO
gbbodbbodgbbodobbododbbodoboobobbuooboobooobboobn
obooobogobbooobbooobobobboobbuooboboobobPINOODOOOD
gbbogobuogbbodbodbooboobbooboboobboobbobodobooobon
OO00000O0DL0ODO0O0000000bD0ODPINDO 10-50keVODODOODOGSODO 40-700 keV O
OO0 XOooooooooo

'00O0XO0O00000000000X-ray Spectrometer, XRSOO OO OOOO0O0000O0000O0O0O0O0O0O0OO
gboboooOoboooobobooooobooooboobooooon
0000000002060 110000 XIS2000000000000
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1.5 0OO00OO0O0oOon

goobobooXboboboobooooobobobobobobobbobooboooooobo
gobobooogbboboooobbbooooobboooobboboooobbboooobo

goobbbobbbbbodooooooooobobbbbboooooooooobobooo
ObOo0oobooobobboobooboboobOl normmalizationD OO OOO0OOO0OOODOOO
gboboooboboooboboobobuobobuobobobUbiUU”Her X-100O00OOOODO X
gbbobuoodgbobuogoobobubuoooobobogobobobuooobboooobbooobon
OO0000 normalization D 000000000000 DO0OO0OO0OO0O0ODOOOODOODOOOOODOO
gbobogobuogbbogbogbobuodbooobuoobbuoobuoobobuoooobuooboon
gbogobuogbboobuoobbuodboougbooobuogbbooboobbbooon
gogobobboboobbotbddoooooooobbobbobboboddgoooooooobooo
Ub0b0bOoubUO00OHer X-10 XO0OODOOOOoOoooooobobboobooboboo
gbbogobougbbooobbbuogbbodbooobuoobbooboobobuoobobooon
gogobbobobbbtbotbduooooooooobbbbbooboooouooooooobbobon
gogobobbboobbbboddoooooooobbobobbbbbiooooooooobooo
gbbooobobbuoobbooobbbooobbuooobboobbbooobbbooobn
O0000000000O000ob00o0o0oo0o0o0obo0obobobOOobUDbU fittingDODODO
OO000D000000000D0000 best fit parameter 1 0D O0XOOODOODOOOO0OO0OOOOO
gogobobboobobbbboooooogooobbobbobobodgoooooooobboboon
gobboouooggn

1.6 0OOOOOO

ooooboosiooooooboboooooooobobooooos2p00boboooogoon
O0000bO0O0bOO0o0booO0obbO0obooO0obObO0bObO00ooooDOOooDoOoD g31booO
20000400000 0DOsOOODODbObDOO
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Broad 1 keV Direct Partial covered
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6.4 keV line scattered ™
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Inner edge of tilted disk
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0 1.10: Her X-10O0OOOOOOO0OOCOOOOOO (Endo et al., 2000)0
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[1 20 Observation and Data Reduction

2.1

counts/sec

DO0000000 Her X-1000

O000D0O0OXOUOOoobuoobUUobUOUOHer X-1OOOOOOoOobOoobooboobOoo
20080 20 2100Her X-10 3500000 main-on state U DO UOUOOOOOODOO 21000 2.1
OORXTE ASMOOO Her X-10OOOOOO (Levine et al.,, 1996) 000 O0O00O0O0O0OOOOO
oddobibibObOUOmain-onstatel OO OOOOOOOONO

O0O00D0000000D0OXISO 0.1 sec burst optioon 0 0000000000 OOODOOO
XISOOoooooecCboooooobooooooooooboobooooobooodoSpaced-row
Charge Injection(SCI)(Uchiyama et al. (2007); Nakajima et al. (2008)) 0 00000000

O 21 He X- 1000000

ObsID0O

Datell

Exposurel]

Effective Exposure:
Orbital Phase :
35d Period Phase 2:
XIS Operationl]

102024010

2008.02.21 15:54:46 — 2008.02.22 11:39:58

38.9 ksec
486 sec
0.227 — 0.712
0.05 - 0.07

full window[J 0.1 s burst option

D000 Phase 00 O

0

2) Staubert et al. (2013) 00000000 0 main-on 00000 00 Phase 0000

‘ O‘bser‘ved ‘Peri‘od ‘
%

1 bin = 1 day

3.75x108

n 1 n
3.8x108
Time (s)

n 1 n n
3.85x108 3.9x10¢

Count/sec

$41

Observed Period
e

+

iy

t }
++ﬁﬂﬂ+twm++

T
1 bin = 0.5 day

+:
+ﬁfwmh

3.82x10%

Il
3.825x10%

Il
3.835x10%
Time (s)

Il
3.83x108

Il
3.84x108

Il
3.845x10% 3.85x10*

O 21: RXTEASMOUODO Her X-1O0OOOOOOOOOOOOOOODOOOOOOOODOODOO
goooo
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22 O00O0OOO

XISO Burst option 0 00000000 XISOOOOODOOOOOOOOOOOOOOOOOO
O0000000000000000000000000000000000O (Matsuta et al., 2010)0
0.1 sec burst option J 00 O 8 sec/frame0 00000 0.1secO 0000000 7.9sec000DO0OO
Dead Tme 0 OO OOO0OO0OO0OODOOO0O00ODOOOOODOODOOOODOODOOODOODODOO 8sec
O000O0O000oooooooooobooD framed0000000000O0DO0DODODOOODeadTime
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Ratio spectra Ratio  x?/dof  Probability* Ratio  x?/dof  Probabilityx
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B/A 075 134 /14 0.50 1.57 25.9 /17 0.076

xIntegral probability above the listed y? value: f;; F(z,v)dz,
where F is the x? distribution function, v dof, x a 2 variable,

and zo the obtained y? value.
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*See the footnote in table 3.1.
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0 3.3: HXD PINO 18keVOOOODOODO it OO0

Components Parameters Best-fit values
A B C D E
Hard bbody kTy [keV] 7.7108 (AB) 5.410% (CDE)
S'/D3, V) 09702 1.4%05 14798 1506 1 3+08
Cyclabs Depth, DO 1.8703  2.0+0.2 0.7755 (CDE)
E0 [keV] 37509 36.7+0.3 31.7107 (CDE)
Width, W0 [keV] 1843 1142 11*] (CDE)
Reduced x?/D.O.F. 1.43/59 (AB) 1.24/95 (CDE)

1) " is a projected area in km? and D is the distance to the source in unit of 10 kpc.
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ONuStar OO0 O0OOO0O0O0O0OO0O0O0ODOOO0O0O0ODOOODO0O0ODOOODO0O0ObOOobODOoobobooobooOoo
00000000 Db0o00o0ooDbO0o0obOoftb0o0o0b0o0DbO0o0oo0oOOoo0DbOooooDboon
XOOOODOOO Comptonized bremsstrahlung0 D0 000000000000 OOOO0OOOO

34



20

10
T

r—XISO 2C—Dg
| —XISI (C-D

—XIS3 (C-D)
| ——XISO (B-E)

—XIS3 (B-E)

Counts s~! keV~!

— | —XISI1 (C-E)

(data—model)/error
|
|

Energy (keV)

O 312 1keVOOOODOOOOODOOOODOOODOOODOOOODOOOODOODOODOO
O000000000000000000000D0DD0O0OD0O0000000O0 90%errord

gboogoobbodbbooobogbbuogbbodgboooboobboobobobbooon
gbooboboobobooboobo20b0bb0obboboobooboobooboon

gboogobuogbbogboboobbooobuoobbooboooboobboobooon
gbbogodbooobuoobbodgbuoobbuodobooobuoobboooboboobooon
O0D0000O00000000Db0000 NormalizationOOOOOOODOOOOOOODOODOO
gbbbooguoooobbbooaooboo

3.2 OOOO0OoOoonbO

UbO0bO0b0UOb00OHer X-1O0O00OOOODOOOOOOODOO0OOODOOOOO0OOoDbDOoOOOOO
gbbgdbboobboobboobbbboooobob3s3gbbuoobbboboobobooon
OO00O000ooooooooboonodgnodbd medium component 1000 OOOOODOODOMO
obooooooobbobobooboboboboobboboobbOnnUddmedium component [
OoboobobobooooooooboboboooooobooD atboooO

3.2.1 00000 XOOOOOOOO

Inoue (2020)00XO000000000000000000XOOODODODO0DO0O0DO0O0O0O00O0O0O
Oooboobooboooboooobbooooboooboooobboobooos122000000
0000000 primary region U secondary region 0 0 00000000000 O0OO0ODOODOOO
O Primary region 0 0000000000000 00O0OO0O0O0OOOOOOODOODOODOODOD
Secondary region 0 0 0000000000000 ODOODO Primary regionO0 000000000

35



10
T

|

Counts s~ keV-!
0.1
I

0.01
T
Il

—XIS1 (C-D
—XIS3 (C-D)

—XISO gC—D;

1073
T

(data—model)/error
-2
T
|
-
i
|
|
|
.
—+
|
1

Energy (keV)

0313 0keVOOOOODOODOOOODOODOODOODOODOODODODODODODODODODO
0000000000000000000000D00O0O0O000000000 90%errord

O000000D00DO0OD00ODO0 Secondary region 1 000000 OO Primary region 0000 OO
0000000 XO0O0OO0OBecker & Wolff (2007 0000000000000 0OOODOSecondary
region 0000000000000 0O0ODO Inoue (1975)000000000O0O00O0O0O0O0OODOOO
00000000000000000Inoue (20200000000 103 erg/sec 000 XOOODO OO
O00000Primary region 0000000000000 0000O0O0O0O0O 10% erg/sec0O0000
000000 Secondary region 0 0 0000000000000 ODOOOOODOOO

Secondary region0 000000000 0O0O0ODOODOOOOOOOOOO0ODOODOOOOOOOO
O0000000 Secondary region 00 0000000000000 DOODOOOODOODO0OOOO
OO00b0obOOoooooobobooooooDoooooboboooDooooboboooooooo
goobobobobooobooooobobobooboooDoooboboboboboobobooo
000000000000 00000000D0O0D0DO00DbO00DbO00n Polar mound region O O
O0000D00Polar mound region 0 00000000 OO0OOOO0OOOOODOOODODOOO
O00ooo0ooboooobooobooobooobooobooobooooooooooo
000000 Polar mound region 0 000000000 ODOO0ODOO0OOOO0DOO0ODOO0ODOOOO
O0o0b0oooobooobooobooboobOoboooboooooobooDbo

Her X-10 XODOOOOODDOOO 103 erg/sec0 0000000000 DDOOODODODODO precession
00000000000000000000000000000000 10® erg/sec0O00000O0
00000000000 (Inoue, 20200000 0000Her X-1000O0O0DO0O0ODODO X0OOOOOO
O00D00O0OSecondary region 0 0 00000 OOOOOPolar mound region 0 000 0OO0OOOO
gboobobooboobooboobuooboobobobooboo

36



Phase

Phase

nergy (ke

rgy (keV)

Ene

ol

.......
vvvvvv

nergy (ke

rgy (keV)

Enel

3
3 ©
=

nergy (ke

0 314:30000000000000D00O00DOD itOD0OOOD

37



034 0000000000000000 it000000

Component  Parameters Best-fit values
A B C D E

Hard bbody ATy [keV] 8.4+0.8 (AB) 6.0702 (CDE)

S'/D3, Y 07403 1.1+£04 11793 .05 1.0+£0.3
Cutoffpl o) 0.18 4+ 0.13 (ABCDE)

FEioa [keV] 3.0+ 0.5 (ABCDE)

N&L [x1077) 86+05 143407 92406 47404 64404
Soft bbody  kTs [keV] 0.17 £ 0.01 (ABCDE)

S'/D3, V) [x10%] 90411 36798 50408 1294+14 13.1+14
Cyclabs Depth, DO 21403 22+0.1 1.0+ 0.2 (CDE)

E0 [keV] 375408 36.940.3 32.0 4+ 0.6 (CDE)

Width,1W0 [keV] 19+3 12+ 1 1473 (CDE)
Gauss Ey. [keV] 6.52 + 0.10 (ABCDE)

ope [keV] 0.4+0.1 (ABCDE)

Nre [x1072] 5.2+ 0.8 (ABCDE)

Reduced x?/D.O.F. 1.22/1060 (ABCDE)

1) S is a projected area in km? and Dj, is the distance to the source in unit of 10 kpc.
2) In unit of photons keV~=! em=2 s~! at 1 keV.

3.2.2 Medium component J 00D OO0O0O0O0OMO

Inoue (2020)0 00000000000 0O0O0OOO0OOOOOOOOOOOOOOOOOOOO
000000000000 00D0000O0D00O0O0 - cut-off power law O O O Secondary region O O [
0O 0O O Hard black body O 00 O Polar mound region 0 0 O OO0 ODO0OO0OOO0OOOO0OOOOOO
0 O O Polar mound region 0 OO0 OO0 O0O0O0OOO Hard black body OO OOOOOOOOOOONO
OOcut-off power awO 0000000000000 O0OODOODOODOOOOODOOO

oooooooooboooOoOooopooo0oboOoUoooDoooooDoboUDbooUooDo
0000000000000 00oo0oo0oo0ooO0o0ooO00ooO0oDOoDOooOOoOooOO
0000000000000 00O000DO00bOO0O000DO0O0O0DDOdOdSecondary region
O00000000000000DO p-free disk modeld Mineshige et al. (1994); Kubota & Makishima
(200)0000000000000000000O0Op-freediskmodelJ00000O0O0O0OO0OO
T(r)ocr340r00000000 free parameter 100 07T cr?P000000000000000
oo0oo0obOoUoo0ooboUdboooO0oOooOoboUoDOoOoo0bObOUoUooOUoboboUODboUooo
00000000000 00p0 3/400000000000000O0ODO0O0OODOOUOOOODOO
0000000000000 000O00o0ol/?000000000000000O0O00O 1/rO00
000000000000000000000000000 1//*000000000000000
0000000000000 T xr 4000000000 00000000000000O0
O000000o0o0000ooooOo0o0o0oooooooooooOOly/roo00000DOoO0ODOObO
oo0ooOooo0oobOoOooO0oooOoOoo0ooo0oboO0DoooOoOoboObOboDboooboOoooo
O0001/r00000000000000000C0O0DOO00O0OOD0O0OOODO0O0OOOODOO
O000O0O00OOo00O00DooO0oO0D trap0000D0OODOOOOOODOODOODOOGO
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O00000DO0000oo0bo0oo00oooboooobooogOdilvtion0D0O0D0OOOOO0ODOOO
Oemissivity DO 0000000000000 ODOODO0OD0O0ODO0ODO0OWIOOODOODOODOODOO
0000000000 Db0oo0oOditionD O 0O0O0OD0OOOyD00D00OO00O0ODOOOOODOOO
000000 DO00O0000DO0000TOODO0ODOO0ODO0ODOD0OD0ODO0ODOO0OO0000O0Op-free
diskDOOOODOODODOOOO0OODO0OOOp-freediskmodellOOOOODOOOODOOOOOO
Oob0oO0obbOo00bO0o0ooOOobobO0o0bObOO0ooObOoObO0bO00D00U0oDOobObDOoDbOoODO
000000000000 Op-freediskmodel 00D OOODO0OODOODODOO0OOOOY — o0
O07T—-000000DLOO0ODOO0ODbOO0ODbDO0ODbDOObOOObLDO0ObDOObDOOXbDOoobooo
0000000000000 00D0000000O0000O000000DO00DOO00DO00DO0O00OO
O0000D0D0Ostanding shockDOODDOO0ODOOO0ODOOODODOOODODOODO0OODO0O keVODOO
O000o0ooobooooboboooboboooobUo2keVOoooonbooooooooono
O00D00000Opfreediskmodel 000000000000 O0ODOOOODOOODOODOODOO
000000000000 000D0000000000 appendixO00OO0O0O0O0

O000000DO00O00O0DO0D00000b00bLO0DbOO0ODOO0ODODODO0O0O fitboo0o0oO
0350000000000DO0D00O0DO00O0OD0DDUOO0ODDODODOOODODbODOoOoODDOOoOoOO
normalization O O 2d, ym Rkmcos 0000 0O00d v U Ry DO0OOOOOOOOOOOOODOOO
000000000 kmOA0DOODO0D00O0ODODOO0OODODOODODOODOODOOOOODODOOO
medium conponent O cutoff power law O 0 0 0 O O soft/hard component O best-fit parameter O [
0000000000000 0DO000b0bDOo0oOoOn cutofftpower lawd 0O O0OO0OOOOO
OO0o0O0oO0DoOoooooooooan

OO00O0best it 00 000000000000 OODODOODOOOD AlxODOODOODOOODO
O000000D0DOO0OCRSFO 30000000D00O0O0O 315000000000 fluxOOOO
O (S'/D¥)eT*/x 000000000000000O000 (2d,Rcosf/D*)(cTh/m)/(4p—2)0 00
DDDHardblackbodyDDDDDDDDD(S;qkm/w)lﬂDDDDDDDDDDDDDDDDDDD
O0000dxmeosd 0000000000 R,=10000000000 6.1 kpe(Leahy & Abdallah,
2014)000000
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0 3.5: 000000 medium component 0 D0 00O O0OOOOODO fitOOOOO

Component Parameters Best-fit values
A B C D E

Hard bbody kTy [keV] 8.413% (AB) 6.1707 (CDE)

S'/D3, 0.7753 1.1793 1.079%  09+04 1.0+£04
Multi-color BB T, [keV] 0.34 £ 0.02 (ABCDE)

Tin [keV] 2.470-1 (ABCDE)

p 0.73 + 0.04 (ABCDE)

St /D%, ? 38407 6474 41t 21407 2.9708
Soft, bbody kTs [keV] 0.17 +0.01 (ABCDE)

S'/D3, Y [x10%] 97+13 50409 58409 13.1+16 13.5+16
Cyclabs Depth, D0 21402 2240.2 1.1153 (CDE)

E0 [keV] 375158 36.9+0.3 32.0+£0.9 (CDE)

Width,1W0 [keV] 19+3 1242 15+ 4 (CDE)
Gauss FErg. [keV] 6.50 £ 0.07 (ABCDE)

ore [keV] 0.4+ 0.1 (ABCDE)

Np. [x1072] 5.51% (ABCDE)

Reduced x?/D.O.F.

1.22/1059 (ABCDE)

1) S”is a projected area in km? and Dj, is the distance to the source in unit of 10 kpc.
2) S¢ is defined as 2d, ym Rym cos 6. See text for the definition of symbols.
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[1 4[] Discussion

OOoO000o0ooO0oooXoooooooooooooooboooooooooooobooooooo
Oo0oodoOo0oOoOobOo0ooooOooo0obo0oDOo0oo0bOoboODOoobOboOoDboooo
O0D00000000OHer X-100OODOOODOOOOODOOODOODOODODO30DO0O00O0ODOO
O0bDOoo0ooboboobooooobD 3sb0ooooboonoonn ~0.2keVOODOODOphoton
index~0.20 folding energy ~3 keV O cut-off powerlawD OO0 ~8 keVO O OO ODOA-BOOODODO I
OO0 ~6keVODOODOOOC-D-EOODODOOMMOOOOODOOOOOOODODODOOOODOODOO
OO0Ocut-off power lawD 0O 000000000 0OOOODOOODO0OODODOOODOOODOOODOO
gooooooooo0ooooOooboOooobooboo0obDoOoOoOoDoOOoOoDoOO00oDbOODoOO
Inoue (2020) 0000000000000 it0 0000000000000 XOODOOOOOOO
Oo0O0ooOooOoooooon

4.1 0O0O0O00OOO0OOOOOO0OO0OO0

OO000000O0O0OXOOoOoooOooooobOooooooooboooUoDoonormalizationd O
O0booboobo0oboooboobooboob0obb0b0b0b0Her X-100O0OODOOO 3000
OO0D0000000000000D0O0 optically thickDODOODOODOOOOODOOOODO 300
O00000ooooooboboooooboo0oooDoboo0oboDbObObDODOOself-consistent
gbbodbogbobboouobbuoobbuoobbobbooboobooboboobbooon
00 normalization 0000000000000 DO0O0DOCOOOO0O0DODOOODDOOptically thin O
UoobobbobbDD0geometry DD DO OOODOOOODODOOOUOOO0O0O0O0O0ODODODOOODO
gboboobobooboobooboboobobooboboboboobobooboboon
optically thick U0 DO DOOD0ODOOO0O0OODOOOOODOODOOOOODOOOOO0DOOoOooboobooboOon
gbogbobobbobobobobooboboobobobobuoboooobobobobb
gogobobbboobbbboouoooooooooobbbobbbbououoooooobooon
000000000 light bendingO O O0OOO0OO0OOO0O0O0OO0OO0OOOO0O0OO0O0D0O0O00DODOO
00 (Leahy, 2003) 000000000000 OOOO0ODOO0OOOOOODODOOOODODOO
OOooboboobobobbooboboboobob0o0ob0bUObb0O0O-Her X-1O00OODOODOOO
OO0 XOOOOOOoOOooOooOOoDboooooOoo optically thickDODOOOOOODOOOOODOO
normalization 0 00 0000000000000 0O0O0O00O00O0OO0OOOOOOOO0000
gbobobo3gggbbobuoooobbobuooobobboooon

4.2 0OJO0O0OO0OO

Cut-off power law 0 0 0 O Inoue (2020) 0000000000000 DOOO polar cone0 OO0
Oo0o0ooO0o00oobo0o0ooOOo0o0o0oobOobo00ooOObO00oDObO00O0O0Ob0O00DDbO0 - cut-off
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power lawO0 000000000 DOO0OO 300000000 it O00OO0O0OOO0ODOOOODOOO
goobobobobbobobobobobooboooDooooboobooboboboboboo
000000000000 0ooD pd ~0.70000000D00O00O00O00O000O ~2 keVO ~0.3 keV
0000000000000 0000000000000O0O000 PpOOOOOOOOODO3/400
O00000000O0Polarcone0 000000 DOOO0ODOOOODOOOOODOOODOOOO
Opolarcone0 00000000 0O0OODOO0ODOOODOOO0OpOO0ODOOODODOODDOOO
0000000000 Db00b000b0bbcalD00D00O0ODOO0ODO0ODO0ODODOODOOODOOOO
O000b0bOo0ob0OOpolarcone0 000 Ophoton D000 OO0OODOOODOO0OODOOOOO
O O electron scattering 00 O O dilution D OO0 O Demisivity UD OO DOOODOOOOODOOOOOO
O00OOInoue (2020)0 0000000000000 00O0O0O0O0O0O0OOO polarcone0 00000
OoobOOoopb 070000000 DO0ODOODODODODODOODDODOODODOODODOOOODO
O00Opolarcone0 000000000 DOOO0DOODODOODOOODOOODOOO

Polarcone 0O 00O ODODOOOOODOOOO12kmO000000O 3.1 O00O00O00O0O0OOO0OO
0000000000000 polarcone0 0000000000 ODOOODODODOODODOAO electron
scattering0 0 0 diluwtion D 000000000 0O0OD0O0O0O0OO0OO0ODOOOOODOODOONOPolar
cone 1 0000 photond Delectron DO OO OOOO0O0OOOelectron000000O0O0OO0OOONO
O000000O00b0b00obo0bO0oooobOooboOoog photonOODOOODOODODODOOO
000000000 0D00O0O0Oordinary photonOO O Oelectron 0000000 O0OOOOODOOO
0000000000000 D0000D0000D0000Db000DO0O0OO0Odextraordinary photonld
O0electron 0000000000000 ODO0OODOODODOODOODOOODODODOODODOOOO
0000000 photond OO O O O ordinary photonld extraordinary photon 0 0 OO0 00O 0OOO
0000000000 00b00bO0bO00bODOextraordinary photon U O O O O O electron [
oooboboooobooboboboboobOobooooDooDbooboboooDoooboboo
0 beaming 0 000 00 0O O Inoue (2020) O O O Basko & Sunyaev (1975) 00000000000
OO0 Opolar cone0 00000 beamingO O OOOOOOOOOOOPolarconedO0O0O0O0OOONO
000000000000 intensity D Obeaming0 00000000 O00ODODOODOOODOOO
gboooobobobooboooboooobooboboooboooobOoboooobooooo
dilutionO0 D 0000000000 DODO0OODOODOODODOO0ODO0OOOFree-Free000O0O0OnOO
O0oo0oboooboooboooboobooooboooDbooobooboboooooboooo
000000000000 0000D0000D0O0O0 I Intensity 00000000 DOOOODOOODOOO
00000000000000000000 ~340000000 (Shimura & Takahara, 1995)0 O
O000O0DbO00O00DOO0DOO0o0oO0bbO0obOO0obO0oDO0ODOo0DoO0ob0obOOoO0oDOoOOobOoDbOon
0000000000000 D00OObeamingOD 00O dilution0 00O O0O0O0OOOOOOODOODOOO
O00000O0O00O0b00obO0oDO0o0o0o0bO00obO0oDOoDOo0obO0obOobODOoDOooDoobOoOoo
0000000 Inoue (202000000 polarcone0 00 O0OO0OOOODOO

4.3 Hard Black Body [ [

Inoue (2020) 0 0 0 0O O O O Hard black body 00 0 polar mound 0 00000000 OOOO
Hard black body OO0 OO OOOOO0OOA-BO C-D-EOOO0OOOOOOONOSOOOOO polar
mound D 000000000 OO0OOOOCA-BOOOOOOOOCC-D-EQOOOOOOOOOOOO
oooooboboooooboobooooooooboooboooDooboOoboboboboOoDbOoooo
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O00D00000000bDOoogoddpolarmound 000000000 O0ODOOOOOOODOOO
O000O00O0O00o0O0obO0o0oObO0boO0bOO0bOO00DO00oDO00oDOooDOOoOoDOoOoDO
000000000 dipoleD 0000 0O0OD0ODO0OODODOODOOODOODO 200000000
O0000000D0O00D0O00000O0Polarconed 0 00D0000DODOODOOODOOODOOODOO
0000000000000 00o00o0o00b0obO0ob0Oo0o0oO0O0oOOddypolar mound O OO
OO0000000OOpolarcone0 0000000000 DO0ODOODOOOOODOODOODOODODODOO
0000000000000 0o0o00oboooobobOoooOn polarmounddOOOOODOO
OO000bO0b0obOOo0o0oobOooDobOoboboooooobooo

Hard black body OO0 000000 0O~03kmO000000OOInoue (2020)0000000000
polarmound D 0 OO0 0000000 OOOOOOOOO0O0O0O0O0O0OO0OO0O0OOODODNO electron
scattering 0 O O dilution OO0 D000 OOO0OOOO0OPolarmound0 0000000 OOOOOO
0000000000000 0000D0000DbO00DO00O0bO00DO0DO0DbOOO0O0O0DOgnn polar
mound 000000000000 ODODODODOOOOExtraordinary photon 000000 OOO0O
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4.5 Soft Black Body [ [
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Appendix

Jo0o0ooooooooooonon XSPECOOOO

OO000o0ooboooobooobooOoonD XSPECOOOOcolumnbbOOO0O0OOOOODOOOOO
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