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Magnetic field

Thermal 
Emission

Magnetic 
energy

Hot spot

X-ray emission of Magnetar

Soft X-ray Component (SXC)

< 10 keV > 10 keV

Spectrum
from neutron star surface

Hard X-ray emission

Soft X-ray emission

Enoto+2017

Gourgouliatos +2016



Pulse profile

Emission flux never reach 0 !

0
0

P ∼ 7.56 s

Offset

How to explain the offset?



Takahashi +2014
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Emission from  
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Offset

Modulation
+



Offset could be explained by GR   

Credits: NASA NICER Group



Pulse profile of SGR 1833-0832

Hot spot
Hot spot

Newtonian Relativistic

Emission from entire surface
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Spectrum of SGR 1833-0832

MOS1
MOS2
pn

Esposito +2011

Single blackbody 
fits well

More natural

Hot spot only
Relativistic

SGR 1833-0832_XMM-Newton



Radius comparison: timing & spectral

L = SσT4

Lobs =
Sobs

4πD2
L

T: blackbody 
temperature

D: distance

S: emission area

assuming a circular radiation area, rg =
1
3

Time-averaged projection of  
the radiation radius

Estimating the size of 
hotspots from pulse profile

Radiation radius

0 0.5 1 1.5 2

Estimating the size of 
hotspots from spectrum



Viewing

angle

Theta Phi Flux

: inclination (viewing angle)

: colatitude     : longitude

: size of hot spot


i
θ φ
z0

z0

Isotropic

emission

Parameter estimation

i
Ω

θ

ϕ

Normal prior 　 固定{i, θ, φ, m, z0} rg

Rotation axis

Viewing

Angle

Theta

Phi

Flux

z0

z0

Light-bending



Timing: =1.64 kmRmax Spectral: =3.10km⟨R⊥⟩

R = 12 km

Distance = 9.0 (1.7) kpc

Hot spot size: 1E 1048.1−5937

Martin +2006
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spectrum of 1E1048.1-5937

Energy (keV)

       Newtonian

Newtonian
RelativisticTiming: =1.79 kmRmax Spectral: =1.69km⟨R⊥⟩

Timing R Spectral R



もしこのような結果が出たら…

Rtiming = Rspectrum

Energy (keV)

 νFν

Compare the results

 and Rspectrum Rtiming
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時系列データを放射モデルにあてた放射半径 [km]



Results with 1  errorσ
Rtiming = Rspectrum

1E1048.1-5937
1E1547.0-5408
XTE_J1810-197
SwiftJ1555.2-5402
Newtonian
Relativistic

時系列データを放射モデルにあてた放射半径 [km]
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Method & Assumption

まとめ
Motivation

soft X-ray emissionはマグネターを理解する重要な切口

時系列解析＋分光解析 (相対論修正)
有限サイズ
一般相対論近似

Future work
放射領域の温度構造

放射領域の形状

コンパクトネスをフリーパラメータにする

Soft X-ray の観測解析＋ホットスポットによるパルス波形の再現
放射領域は円状、放射はisotropic、全ての星に適用するGR効果は同じ

~1.4   ~12 kmM⊙
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rg

R
=

1
3

　 固定{i, θ, φ, m, z0} rg

　{i, θ, φ, m, z0, rg} Rtiming = Rspectral
展望



Relativistic correction of Rspec

S ∝
L
T4

L : dF(E) = (1 −
rg

R
)1/2δ3I′ (E′ , α′ )cos α′ 

d cos α
d cos ψ

dS′ 

D2

T → E : E = δ(1 −
rg

R
)1/2E′ 

Newtonian Rspec

Relativistic Rspec

Gravitational Redshift
Observed Flux

: Doppler factor

: Schwarzschild radius

δ
rg

rcorr ∼ (1 − rg/R)3/4r



Multi-peak pulse 
profile Best fit of relativistic 

model



Cordes +2017

Kaspi +2017

Distance of magnetars

Nakano +2017

Durant +2006

Wilms +2000



Estimate the size of hot spot

Uniform 
temperature

Circular hot 
spot

Arrange 
several point 
source spots 
to reproduce 
the size



i

P

θP

u1

R1

u2

R2

⃗u =
−cos(ωPt + ϕ)
−sin(ωPt + ϕ)

0
ωP =

2π
TP

⃗MR = (
1

1
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Hot spot emission - Flux

Observer


Axis of rotation

: inclination (viewing angle)


: colatitude     : longitude


: size of hot spot


i

θ φ

z0
F = μ(i, θ, φ)(1−

rg

R
)+

rg

R

rg

R
=

1
3

μ(t) = sin θ sin i cos Ωt + cos θ cos i
z0

1 − cos α = (1 − cos ψ)(1−
rg

R
)

xk = (t, r, θ, ψ)

uk =
dxk

dλ

ψ = ∫
∞

R

−uψ

ur
dr = ∫

∞

R

dr
r2

[
1
b2

−
1
r2

(1 −
rg

r
)]−1/2

sin α =
b
R

1−
rg

R

dF =
Ib
R2

|
db

d cos ψ
|

dS
D2

= (1−
rg

R
)I0(α)cos α

d cos α
d cos ψ

dS
D2

Beloborodov 2002Isotropic

emission

 Compactness:















おまけ
Kaspi +2017

マグネターの距離によって

上下に移動する



T1 T′ 1

T2





ϵ =
2
3

B2R6ω4

c3
=

32π4

3
B2R6

P4c3

Assuming dipolar magnetic field:

·Erot =
dErot

dt
= − 4π2I

·P
P3

ϵ = ·Erot → Bsurf ∝ P ·P

Erot =
1
2

Iω2 =
1
2

I(
2π
P

)2



Braithwaite & Spruit 2006
Numerical MHD

Evolution of the magnetic field in magnetars



観測方向: 赤道に近い 
左回り回転

phase

count 
rates



G. Schonherr+ 2007







Makishima +2014



Hard X-ray Component (HXC)

Source: hyperphysics.phy-astr.gsu.edu

ℏω ~ m_e c^2
ω: ローレンツ運動の頻率



Kaspi+ 2017

Distance of 
magnetars







Light-bending

Inclination Theta Phi Flux

Inc

Theta

Phi

Flux

Inc

Theta

Phi

Flux

Inclination Theta Phi Flux

Newtonian



Newtonian Light-bending

relat ive error =
Obs ± Δ − Exp

Obs

gradient descent fitting



Erot =
1
2

Iω2 =
1
2

I(
2π
P

)2

·Erot =
dErot

dt
= − 4π2I

·P
P3



Viewing

Angle Theta Phi Flux

Viewing

Angle Theta Phi Flux

89.93 167.53 38.03 3.006

Initial guessによっての

異なるフィッティング結果



i
Ω

θ

ϕ = 0ϕ



Quiescent emission

LQ ~ 10^35 erg s-1 >> LSD ~ 10^33 erg s-1

長期的なlight curve

Camero et al. 
2014

Esposito et al. 
2018

Naik et al. 2008

CXOU J164710.2455216
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Kaspi et al. 2008

パルス波形の提出



Elapsed time
2014-01-01T00:00:00 UTC = 2014-01-01 00:01:07.184 TT

~ 4 years



Long term light curve of 

Elapsed time
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Folded light curve of quiescent 
emission







Camero et al. 
2014

Esposito et al. 
2018

Naik et al. 2008
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Long term light curve of 
1E1048.1- 5937
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Folded light curve of quiescent 
emission





distance:9.0(1.7) kpc

1E 1048.1−5937


Timing: <1.68 km 
(assuming R_mag = 12 km)

Spectral: 3.1 km



スペクトル解析波形解析





How GR effect works on pulse profile
R : magnetar radius rg : Schwarzschild radius

rg

R
=

1
3

F = μ(i, θ, ϕ)(1−
rg

R
)+

rg

R





Offsetの由来 
相対論効果込みの解析 

時系列とスペクトルの一貫性チェック

本研究では…



そもそもフィッティングは reliable なのか？

しかし…

Local minimumとの区別
モデル関数の精度
パラメータ縮退










