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Since	discoveries	of	Her	X-1	(Giacconi	et	al.	1971)	and	Cen	X-3	(Tananbaum	et	al.	1972)	
with	Uhuru,	more	than	100	X-ray	pulsars	have	been	found.	

General	consensus	on	situa1ons	of	X-ray	pulsars	
・ a	close	binary	of	a	strongly	magne1zed	neutron	star	+	a	normal	star	

・ an	accre1on	flow	from	the	normal	star	to	the	neutron	star	
・ a	magneto-boundary	surface	at	~	108	cm	where	the	magne1c	pressure	of	the	NS	once	stops	
the	flow		

・ two	channeled	flows	along	magne1c	funnels	to	the	magne1c	poles	at	the	NS	surface	
・ X-ray	emissions	from	the	polar	regions	at	the	NS	surface	

・ an	oblique	rota1on	of	the	magne1c	axis,	causing	X-ray	pulsa1on	

schema1c	diagrams	by	Lamb,	Pethick	&	Pines	(1973)	



Studies	on	structures	of	the	polar	X-ray	emi[ng	regions	

Davidson	(1973)	 Inoue	(1975)	

Becker	&	Wolff	(2007)	

A	simple	treatment	
kine1c	energy		 radia1on	energy	

generaliza1on	
to	higher	
accre1on	rate	

low	
accre1on	
rate	case	

more	detailed	study	to	
reproduce	X-ray	spectra	

more	detailed	study	

This	talk	:		Inoue	(2019,	in	prepara1on)		



Model-configura1ons	of	an	X-ray	emi[ng	polar	region	of	a	neutron	star	

Polar	Cone	Region	

Polar	Mound	Region	

shock	



Model	for	accre1on	flow	in	the	Polar	Cone	Region	on	a	neutron	star	
Assump1ons	

・ quasi-radial,	steady	flow	in	a	polar	cone	

・ radia1on	energy	dominant	

・ sufficiently	subsonic	
kine1c	energy	<<	thermal	energy	

・ energy	loss	:	side-way	diffusion	of	photons	

Parameters	
𝑀 /2	 accre1on	rate	through	the	cone	

v	 inflow	velocity	

r	 radial	distance	

ρ	 mager	density	

U	

P	 radia1on	pressure	
radia1on	energy	density	

Θ	 opening	angle	of	the	cone	

ε	 specific	radia1on	energy	density	
energy	loss	rate	per	volume	:	q	

𝑀 /2   =	π(rΘ)2	ρv	

averaged	over	a	cross	sec1on	of	the	cone	

P	=	 𝑈/3  =	 ��/3 	

ε =	 𝑈/�  	
q	=	 𝑈/𝑡D 	=	ρε	 4𝑐/3�T�(𝑟�)2 	 tD													effec1ve	side-way	diffusion	1me	

tD	=	 4𝑐/3� 	τ =	κTρ(rΘ)	:	op1cal	depth	
κT	:	Thomson	scagering	opacity		
c	:	light	velocity	

Equa1ons	

・ mass	flow	con1nuity	

・ pressure	balance	 𝑑𝑃/𝑑𝑟  =	-	ρ	 GM/𝑟2 	

・ narrow	cone	 Θ <<	1	
M	 mass	of	the	neutron	star	

Θ	

mass	flow	

photon	
diffusion	

・ energy	Eq.	 𝑀 /2  𝑑/𝑑𝑟  (	 4/3  ε -	 𝐺𝑀/𝑟  )	=	π(rΘ)2q	=	 4�𝑐/3�T 	ε		



・ pressure	balance	 𝑑𝑃/𝑑𝑟  =	-	ρ	 GM/𝑟2 	

・ energy	Eq.	 𝑀 /2  𝑑/𝑑𝑟  (	 4/3  ε -	 𝐺𝑀/𝑟  )	=	π(rΘ)2q	=	 4�𝑐/3�T 	ε		

P	=	 𝑈/3  =	 ��/3 	

4/3  𝑑�/𝑑𝑟  =	 �/𝑟D  -	 𝐺𝑀/𝑟2 	

𝑑�/𝑑𝑟  =	-	 �/�  (	 �/𝑟D  +	3𝐺𝑀/𝑟2  )	

rD	=	 3�T/8�𝑐 𝑀  =	1.6	x	105	( 𝑀 /1017 𝑔/𝑠 )	cm	

Boundary	condi1ons	at	the	top	of	the	Polar	Cone	

Two	differen1al	equa1ons	on	ε	and	ρ	

shock	front	(top	side	boundary)	

upper-stream	side	of	the	shock	
free-fall	approxima1on	

𝑣1=( 2𝐺𝑀/𝑟 )1/2	

ρ1	=	 𝑀 /2�(𝑟�)2𝑣1  =	 𝑀 /2��2(𝐺𝑀)1/2  r-3/2	

Opening	angle	of	the	polar	cone	at	rS	:	ΘS	

(1)	ram-pressure	of	the	free-fall	mager	
ρ1v12	=	 𝑀 /2 (2𝐺𝑀)1/2/��2  r-5/2	

(2)	magne1c	pressure	in	the	r-	direc1on	

dipole	approxima1on	
Br	=	Br,	0	( 𝑟/𝑅 )-3	

Bθ	=	 𝐵𝑟/2  Θ	 Θ <<	1	

( 𝐵2/8� )⊥	≈	 𝐵𝑟2/8�  𝐵�/𝐵𝑟  =	 𝐵𝑟𝐵�/8�  =	 𝐵𝑟,02/16�  Θ ( 𝑟/𝑅 )-6	

(1)	=	(2)	

ε1	=	 𝑣12/2  =	 𝐺𝑀/𝑟    (specific	mager	energy)	

ΘS	=	( 8(2𝐺𝑀)1/2/(𝐵𝑟.0𝑅3)2 )1/3 r7/6	
						=	2.4	x	10-3	( 𝑀 /1017 )1/3	( 𝑀/𝑀sun )1/6	( 𝐵𝑟,0𝑅3/1030 )-2/3	( 𝑟𝑆/106 )7/6	

Density	at	rS:	ρS	
ρS	=	4	ρ1(rS)	

Radial	distance	of	the	top	boundary:	rS	

Specific	radia1on	energy	density	at	rS:	εS		

4/3  εS	=	ε1(rS)	=	 𝐺𝑀/𝑟𝑆 	 (cgs	unit)	



Boundary	condi1ons	at	the	bogom	of	the	Polar	Cone	

As	shown	next,		

P	<<	 𝐵𝑟2/8� 	
on	the	top-side	

log 𝑃 /log 𝑟   	>>		 log (8�/𝐵𝑟2 )/log 𝑟  		 P	
log	r	

𝐵𝑟2/8� 	

log	(pressure)	

P	should	exceed	 
𝐵𝑟2/8�  ,	
somewhere.	

Boundary	at	the	bogom	of	the	Polar	Cone	

rB	=	R	:	the	surface	of	the	neutron	star	

PB	=	 �𝐵�𝐵/3 	=	 𝐵r,02/8�   	

The	conical	configura1on	should	end	at	the	place	where	PB	=	 𝐵r,02/8� .	
If	PB	exceeds	the	magne1c	pressure,	the	mager	should	push	out	the	magne1c	funnel.				

We	have	searched	a	solu1on	which	sa1sfies	the	boundary	condi1on,	PB	=	 𝐵r,
02/8� ,	at	r=R,	by	changing	the	start	posi1on,	rS,	in	the	numerical	calcula1ons.	



Solu1ons	
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Height	:		hS	=	rS	-	R	

Opening	angle	:	ΘS	
of	the	Polar	Cone	

hS/R	

100	

10	

1	

0.1	
1016	 1017	 1018	 1019	

𝑀  (	g/s	)	

upper	doged	line	:	Θ	=	10-1	

lower	doged	line	:	Θ	=	10-2	

Two	thin	(Θ	≈	0.1)	columns	about	10	
1mes	as	high	as	the	neutron	star	radius	
stand	when	𝑀  ≥ 1018	g/s.	

total	specific	energy	:	u	=	 4/3  ε -	 𝐺𝑀/𝑟 	
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Remaining	thermal	energy	at	the	bogom	of	the	PC	

𝑀  =	3	x	1016	g/s	 𝑀  =	3	x	1018	g/s	

r/R	 r/R	

-	 𝐺𝑀/𝑟 	4/3  ε	
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𝑀  (	g/s	)	
Significant	amount	of	thermal	energy	s1ll	
remains	at	the	bogom	of	the	Polar	Cone	
when	𝑀  ≈	1018	g/s	or	more.	



Polar	Mound	region	

The	accreted	mager	s1ll	tends	to	go	down	with	having	significant	amount	of	thermal	energy	at	
the	bogom	of	the	Polar	Cone	but	its	thermal	pressure	gets	stronger	than	the	magne1c	pressure	
of	the	surrounding	magne1c	funnel	below	the	bogom	boundary.	

Thus,	the	mager	should	start	expanding	radially	along	the	
surface	of	the	neutron	star	with	dragging	the	magne1c	lines	of	
force.			We	call	this	region	as	the	Polar	Mound	region.	

Simple	considera1ons	on	the	structure	of	the	Polar	Mound	

・ The	mager	should	radiate	away	the	remaining	thermal	
energy	in	this	region	to	segle	on	the	surface	of	the	neutron	
star.	

Approxima1on	:	a	cone	with	
a	radius,	xM	and	a	height,	zM	

xM	

zM	

MPM	=	 1/3  πxM2zM	ρ	
𝑀 /2  =	 𝑀PM/𝑡D 	

tD	=	 �𝑇�𝑧𝑀2/3𝑐 	

:		mass	within	the	mound	

:		photon	diffusion	1me	

・ The	excess	mager	pressure	should	balance	with	
the	magne1c	pressure	strengthened	by	dragging.	

P	=	P0	( 𝑅−𝑧M/𝑅 )-ζ	 𝐵2/8�  =	P0	 (𝑥𝑀2+𝑧𝑀2)1/2/𝑧𝑀  	=	 1016	 1017	 1018	 1019	

𝑀  (	g/s	)	

1	

10-1	

10-2	

𝑥𝑀/𝑅 	

𝑧𝑀/𝑅 	

height	and	radius	of	the	mound	



Expected	X-ray	emission	
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energy	
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I)	2	components	from	the	Polar	Cone	
𝑑𝐿/𝑑𝑟  =	 4�𝑐/3�𝑇  ε	

3	components	

Top	
region	

Bogom	
region	

(1)	X-rays	from	a	region	near	the	top	boundary	

(2)	X-rays	from	a	region	near	the	bogom	boundary		

II)	1	component	from	the	Polar	Mound	

(3)	X-rays	from	the	Polar	Mound	

(behind	the	shock)	
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Propor1ons	of	the	radiated	energy	of	
the	3	components	
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Height	of	the	Polar	Cone	 Propor1ons	of	3	emission	components	

Case	of	low	accre1on	rate	:	𝑀  ≈ 1016	g/s	

Becker	&	Wolff	(2007)	

Two	typical	cases	of	accre1on	rate	

Emission	from	a	region	
behind	the	shock	

Case	of	high	accre1on	rate	:	𝑀  ≈ 1018	g/s	

Mul1-color	black-body	
emission	

Quasi-single	
black-body	
emission	



Bright	X-ray	pulsars	

L	≈	1037∼1038	erg/s	
𝑀  ≈	1017	∼	1018	g/s	

2	component	spectrum	

a	mul1-color	blackbody	+	a	blackbody	

(Makishima	et	al.	1999)			"NPEX"	model	well	reproduces	observed	spectra	of	several	X-ray	pulsars.	

(An	E-α	+	Ap	E2)	exp(-	 𝐸/𝑘𝑇 )	
NPEX	model	

E	

FE	

E-α	exp(-	 𝐸/𝑘𝑇 )		∼	mul7-color	blackbody	spectrum		

E2	exp(-	 𝐸/𝑘𝑇 )	∼	single	blackbody	spectrum	

(Kondo,	Dotani	&	Inoue	2019,	in	prepara1on)		

The	2-component	spectrum	of	a	mul1color	blackbody	
+	a	blackbody	well	reproduces	Her	X-1	spectra	in	every	
pulse	phases	by	changing	only	normaliza1on	factors.	

E	

FE	

Expected	X-ray	spectrum	

𝑑𝐿PC/𝑑𝑟  =	 4�𝑐/3�T  ε =	2πrΘ	σTe4	ε ∝ r-ν	 Θ ∝ rµ	

α =	 6 −2(�+�)/�+�+1 	Te	∝	r-(ν+µ+1)/4	



Beam	pagerns	of	X-ray	emissions	
X-ray	beaming	in	the	direc1on	of	the	magne1c	lines	of	force	(Basko	&	Sunyaev	1975)	

X-rays	polarized	
perpendicular	to	
the	lines	of	force	

X-rays	polarized	
along	the	lines	of	
force	

free	from	electron	scagering	

free	from	electron	scagering	

X-rays	originally	polarized	along	the	field	lines	tends	
to	be	beamed	in	the	direc1on	of	the	lines	of	force.	

magne1c	lines	of	force	
in	the	surface	layer	of		
the	Polar	Cone	

X-rays	originally	polarized	perpendicular	to	the	lines	of	force	
should	be	emiged	without	beaming.	

3	components	in	the	beam	pagern	

I)	2	components	from	the	Polar	Cone	region	

1)	a	narrow	pencil	beam	

2)	a	broad	fan	beam	

II)	1	component	from	the	Polar	Mound	region	

3)	a	broad	pencil	beam	

(1)	

(2)	

(3)	

central	side	of	
the	Polar	Cone	



Expected	pulse	profiles	

E	

FE	

low	energy	
range	

high	energy	
range	

low	energy	range	

the	narrow	pencil	beam		
from	the	Polar	Cone	

high	energy	range	

Main	:		

Main:	

the	broad	pencil	beam	
from	the	Polar	Mound	

possible	to	reproduce	
mul7ple	peaks	

Nagase	(1989)	
the	narrow	pencil	beam		
from	the	Polar	Cone	

Sub:	

Observa1ons	



Observer	
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Results	of	a	simple	pulse	profile	calcula1on	

Observer	

side	view	

top	view	
0	

0.5	

1	

1.5	

2	

2.5	

3	

3.5	

4	

4.5	

5	

0	 0.5	 1	 1.5	 2	 2.5	

Icp1	 Icp2	 Icf1	 Icf2	  I	

Observer	

Observer	



Presence	of	phase-dependent	obscura1on	

Pulse	profile	varia1on	of	Her	X-1	associated	with	the	35-day	cycle	

Main	on	 Mid	on	

Accre1on	flow	along	the	magne1c	funnels	could	
be	op1cally	thick	and	possible	to	periodically	
obscure	the	central	X-ray	source.	

complica1ons	in	reproduc1on	of	the	pulse	profiles	

(Scog	et	al.	2000)	

observer	



Summary	

Polar	Cone	Region	

Polar	Mound	Region	

shock	

I	have	studied	structures	and	proper1es	of	an	X-ray	emi[ng	magne1c	polar	region	
on	a	neutron	star	composing	of	a	polar	cone	region	and	a	polar	mound	region	

This	model	can	qualita1vely	explain	basic	characteris1cs	of	observed	X-ray	spectra	
and	pulse	profiles	of	bright	X-ray	pulsars.	


