EBERHARD K.:‘\R[.\Z“ = 2 FACULTY OF ~f—
UNIVERSITAT e SCIENCE ﬁzg
T U B I N G E N = Institute of Astronomy and Astrophysics

Probing the configuration of the
emitting region in accreting
magnetized neutron stars

Dmitry Klochkov

R. Staubert (IAAT),A. Santangelo (IAAT), P.A. Becker (GMU), K. Postnov
(SAl), C. Ferrigno (ISDC), P. Kretschmar (ESAC), G. Schonherr (AIP),
E. Nespoli (Uni.Valencia), |. Caballero (CEA), D. Muller (IAAT)



El IARD KARLS AT ~f—
UNIVERSITAT i* ’
[UBINGEN  #&

X-ray binaries

LMXB HMXB

Stellar wind

Blondin et al.

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



{HARD KARI

EBI S o .
UNIVERSITAT & .

TUBINGEN o e

Accreting pulsars

4.5 i z 'I 1- X _'. L & F_ ™ 5 |..I g =
= e = = 1 L] - 2 pat Ao
|. - - .~ = . 3 e =
e o T iy S e e it ol o Bl PR s
a - - - - . - - - - - -
' = =t - e i :lr u -1.'-:.'5;"{.' a I_fj'\'“ [ 2 .:J:- _:.:p"-l;. i P 1 - mg =N x n
S h S TR o Tea Tl AL LR S e S T S R E R CHSK.
b e e s R 3T e ST R T : = 2
5 e g P e e At e LT o e | i.'.-'-|.-'.- e al ==t o ] el e -
- et r_= n '.. .II.I. -l' k. il oD :J'ar"'."l.' T oh T e, ":' Ao LI P R T T - o,
" o - .-I.Il| L L] "'“I-r‘ E . Lo --'I'.' |":_' o '_..II.’ =4 l... icq = = =
1 a v E B -_"-_,:F.'_‘ r . = -: F.'-\.h' -L_.’l‘_ TP L . = 5
= . =L ‘I_."n.r. _.l.;;'_.' :
LR g
n - -

n - = - i E : .
= = . - = ; .
ale® r—__.".-\._\_l e - = = T - - = -\-\-\-\:"-\.
o gy 3 . g . -

i/ Neutronstar - - -\ N Ay

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



T
P )

UNIVERSITAT
TUBINGEN

''''''

=iva
.......

et
Sy

ey,

L

— Field Lines—

| |
|I II Free Fall | |
I| * Region * |
Y Y
|I | ‘ I| I|I
| Y |
Y Y
Line Forming ;
Region - ' N Shock
Emcrgiﬁé Il Continuum .' ._ .-]-_Emerging
Photons 3 Production 1 Photons

~-g - F | L —

Stellar Crust

Heindl et al. (2004)

Precessing warped accretion disk
Schandl (1996)

AV

jffff.ffflff! Fi Wa Wi +=trirr=

7
/

— i — A B — e vt

— -

magnetosphere
(closed field
_ line region}
Lovelave & Romanova (1995)

ﬁAlT

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



2 0 0. 707

-1

Shock

o / wove \_ 0743

» Sinking
/ gas column’

Magnetic _ -
field lines .

1.0

Mognetic pole
— of the neutron star

Basko&Sunyaev (1976) Wang&Frank (1981)

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



AU

UNIVERSITAT i
TUBINGEN &

Theoretical modeling of pulsars’ X-ray spectra

~arinelli et al. (2012) Becker&Wolff (2007)
0.001 T T T 1 T T —TTTT T T T
ge 12E2¥ p— Her X-1
° -
Bo=0-1 EE 20 Koy B B=3.80x10"%G
. 10 T.=6.25x10"K
N M=1.11x10"g/s
— = =
> 0.0001 ﬁ 1072 Tomdm
o (V)
X |
- g bremsstrahlung
o 7107
! @) total
& ) spectrum
o 2 cyclotron
% 1e-05 | 1074
=< o
E;Tu blackbody
107°
1e'060 1 1.0 12)0 1000 107 : 5 ' ' 0
: 2 5 10 20 50 100
Energy (keV) e (keV)

Cyclotron
absorption line

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



keV? ecm~2 s7! keV-!

10

©
| —

0.01

UNIVERSITAT ff
[UBINGEN %

Spectrum-Luminosity dependence

Tsygankov et al. (2006)

Klochkov et al. (2012)

GX 304-1

INTEGRAL/JEM X + ISGRI V0332+53
B [ [ [ [ [ | [ [ [ [ [ [ [ [ | ]
i _ 10t |

272 rev [
= e = I
3 ﬁx‘ E |
N - "'.".'-t 1 = K/
- " % 1 =z
B 7] -4
N 284 rev ~ x\..'.ﬂ"i‘}'\ B Iw
F 7 = % 3 = 10°f
- 1‘*“"';* : ”E
i t ﬁ J.* 1 £
- w0 1 &

LI A =
AN
- * 1 W
- e INTEGRAL/JEM—X YU
- = [NTEGRAL/IBIS/ISGRI 4 107
:_I | | | | | | | | | | | | | | | _:
5 10 20 40 60 100

w

i ;;:;

l| "'l
|||||'

Energy, keV

10!

Energy [keV]

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



UNIVERSITAI 1
| UBINGEN .S
Outburst of V0332452 -7~
5000 \ \ _L- -=" \
— 45001 -
O 4000 -- 1 } |
& 3500 ﬂ[ﬂ . i .
8 3000+ - i ' |
4% 2500 : \‘\\ l." 8
%2000y !l ) 11
S 15001 | S~ f
™ 1000} ~.. 1
U310 53350 53360 53370 53380 ~ . . 53390
Time, MJD RN

Klochkov et al. (2011)

e
/@;

ﬂ in the light curve

j

5000

4000 gl | 11 sl 1

PCA cts/s

3000 r

‘ ‘ ‘ ‘ ‘ . ‘o
ulsée—to—pulse variations
1| amplitude

1930 1940 1950

' Time [s]

0.5

keV (Photons crd s~! ke V)
0.2

0.1

\ L \
10 20
Energy (keV)

Pulse—

distributig

D11

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



> 264 r 155 L2—r—T— T T T T AO535 26
o N VO3 3 2+5 3 4U01 1 5 +63 | Her X-1 . |« T
QO 415 :
vM 262 usp | + 71 =
Q ++ 140} + + 46 5F
S\. 260 + | — 405F |—§—| 1460}
259 1 1 I
[_u - ol ++ ! | 400} + {%° -
»3 1 450F
~057 004 : : : : 081 070 == ———
Ej—oss ] 1 oozl . { —~, {os0f 1 822: ’ :
‘U —059r 1 000} lo9} 4064} |_§_| J
g -050} ; '—{—* 062} :
e Looz2} Ea J0.78F E |'§'l
—osih 060} 1
g 0561 + +
i ! 1077F 41058F -
O sl oo _ ), ]
H—om- Foos} + Joaef 1056 E |—§—|
@) + 054} .
é O G 3000 3500 4000 4500 5000 5500200 TO00 1500 2000 2500 3000 3500 %OO 600 700 800 900 1000110012001300 5250 1E)0 1:'30 2E)0 2230/ 360 350

Long—term Var1ab1hty (Tsygankov et al. 2007,2010; Staubert et al. 2007;

UNIVERSITAT
TUBINGEN

4

"Pulse— to—pulse ana1y81s (Klochkov et al. 201 1)

Pulse height [PCA cts/s]

Ecyc [keV]

1 _W#Jﬁer

)

+

F

+

a1
1 404
139

4 38~

Caballero 2()07)

Photon Index
O = = =

=1 60f

] 40L

ssf
4 sof

45k

%Oop
jg?i

+++M

? )l

Lx/ 1E37 ergl/s

max. AéM cts/ s

001

0.10 1.00

10.00

Lx / 1E37 erg/s

Klochkov et al.
(2012)

56 | GX304-1 &
54 |- @ .-~
5 02T g . ]
S50, .
48 § .
46 : :
6 @ -
AP :
2 e
OF i .
9.0 -85 —8.0

1og1o (F4—80kev ), €rg Cin

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars

—2

Q

~



UNIVERSITAT
TUBINGEN

s
i
v 4

Long—term Var1ab1hty (Tsygankov et al 2007 2()10 Staubert et al. 2007;

Ecyc [keV]

1 _Hfhﬁer

)

+

i |

+

a1
1 404
139

4 38~

Lx/ 1E37 ergl/s

max. AéM cts/ s

Caballero 2()07)

SSSSSSS

TTM/HEXE

0.10 1.00 10.00

Lx / 1E37 erg/s

_ "Pulse—to—pulse" analysis (Klochkov etal. 2011) Klochkov et al.

% V0332+53 + 4U0115+63 ], .| Her X—1 e A0535+26 )7 (201 2)

‘ﬁl z:j R usf a0} ._§_."§"+ Ja70} C 56 B GX304 1 i e
g\ 20 +++ N + W PUY |—§—| | 1 iZi E o4 § |
QO 259 15297 + 455} o 52 B g i 7]

m 258 ] 130} + ’ 11 + 1aso} 5 50 | i
><—057 004 : : : : 081 ‘/ g;z- . - - - - 48 _ i _
%:z & —{—“ . oso} foaf 1l . 46 : :

E—oso- ) I + 1 Z:Z: : 823: k§-| : % 1 6 R I B
— el 002} + + Jo. 060k I-i'l 4 Hg 1.4F . .. .
8—052 _ oot o7t ] gii |_§_1 8 1 ) 2 - ., g § _
Q-5 1% ++ 1”7 Tos4} + 1] 2 10F ]
é 0630 3000 3500 4000 4500 5000  5500-%00 1000 1500 2000 2500 3000 3500 ‘r_%OO 600 700 800 900 10001100120013005250 100 150 200 250 300 350 i 08 — ., . ]

Pulse height [PCA cts/s] T

1og1o (F4—80kev )7 €rg Cin

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars

—2

Q

~



> 264 r 155 L2—r—T— T T T T AO535 26
o N VO3 3 2+5 3 4U01 1 5 +63 | Her X-1 . |« T
QO 415 :
vM 262 usp | + 71 =
Q ++ 140} + + 46 5F
S\. 260 + | — 405F |—§—| 1460}
259 1 1 I
[_u - ol ++ ! | 400} + {%° -
»3 1 450F
~057 004 : : : : 081 070 == ———
Ej—oss ] 1 oozl . { —~, {os0f 1 822: ’ :
‘U —059r 1 000} lo9} 4064} |_§_| J
g -050} ; '—{—* 062} :
e Looz2} Ea J0.78F E |'§'l
—osih 060} 1
g 0561 + +
i ! 1077F 41058F -
O sl oo _ ), ]
H—om- Foos} + Joaef 1056 E |—§—|
@) + 054} .
é O G 3000 3500 4000 4500 5000 5500200 TO00 1500 2000 2500 3000 3500 %OO 600 700 800 900 1000110012001300 5250 1E)0 1:'30 2E)0 2230/ 360 350

Long—term Var1ab1hty (Tsygankov et al. 2007,2010; Staubert et al. 2007;

UNIVERSITAT
TUBINGEN

4

"Pulse— to—pulse ana1y81s (Klochkov et al. 201 1)

Pulse height [PCA cts/s]

Ecyc [keV]

1 _W#Jﬁer

)

+

F

+

a1
1 404
139

4 38~

Caballero 2()07)

Photon Index
O = = =

=1 60f

] 40L

ssf
4 sof

45k

%Oop
jg?i

+++M

? )l

Lx/ 1E37 ergl/s

max. AéM cts/ s

001

0.10 1.00

10.00

Lx / 1E37 erg/s

Klochkov et al.
(2012)

56 | GX304-1 &
54 |- @ .-~
5 02T g . ]
S50, .
48 § .
46 : :
6 @ -
AP :
2 e
OF i .
9.0 -85 —8.0

1og1o (F4—80kev ), €rg Cin

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars

—2

Q

~



UNIVERSITAT
TUBRINGEN

— oy

e

oA
’Ib

“Supercritical” “Subcritical”
_ 'Pulse—to—pulse” analypis (Klochkov et al. 2011) Klochkov et al.
o 1 VO332+53 o - 4U0115+63 ][] HerX-1 -f A0535+26 - (201 2)
= Z usp 140 n—}—u+ {470} ) 56 - GX304 1 3
Q + 140} + + 465 > | i i
259 ' of 455} 9) i i ]
m 258 | 130f + + as0f o 5 50 — ) —
-057 004 : : : : 1 g;z- . - - - - 48 | i _
0>§_058- |l {——' — 1% 1oss} . 46 : :
‘g::z i + Jalzot ; 82421: |_§_| ,_q:) 16k I |
P—d_om_ 002} + Ja7s Tosok @ ] 5 14 B |
g 004} + 77 1058} : .. _
8—062- 1 N {ose} |—§—1 1 g 1 2 B g . §
o 17T ++ 054F + 1 510f 7
é 060500 3000 3500 4000 4500 5000 5500500 1000 1500 2000 2500 3000 3500 OO 600 700 800 900 10001100120013005250 1E)0 1:'30 2E)O 2:50/ 360 350 i 08 — . .
Pulse height [[PCA cts/s] By
Long—term Var1ab1hty (TI'sygankov et pl. 2007,2010; Staubert et al. 20073, ' ) (1o om-

> t Ty, )
2 Iy P LI
X B L it
o : LE
i ; all

Lx/ 1E37 ergl/s

Tax AéM CtS/S LX / 1E37 erg/S

Caballero 2()07)

A suzaku

}  Oxx

[ nINT
55 3 M TTM/HEXE ()
s0F .
BRI
40L
0.01 0.10 1.00

10.00

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars

Q

~



BERHARD KARLS S = A
UNIVERSITAT fi M
TUBINGEN . 3

Height of the emitting region above the NS surface

Heye Supercritical,

Subcritial, a _
radiation deceleration

gas shock?

Subcritical,
Coulomb stopping
Ly

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars 10



BERHARD KARLS S = A
UNIVERSITAT fi M
TUBINGEN . 3

Height of the emitting region above the NS surface

V'

E.,. | Subcritial,
gas shock? Supercritical,

radiation deceleration

Subcritical,
Coulomb stopping

Ly

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars 11



‘ IARD KARLS S —-
UNIVERSITAT 1 ’
[UBINGEN 2%

Height of the emitting region above the NS surface

V'

E.,. | Subcritial, Lcrit(1)
gas shock? Superecritical,

radiation deceleration

Subcritical,
Coulomb stopping

Ly

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars 12



FRERHARD KARLS AT Q’Q
UNIVERSITAT ‘“. @j
TUBINGEN

Variations of the emitting region with changing M

Subcritical Supercritical
C Accretion : d Accretion :
Lx < L
X crit radiation-dominated
radiation-dominated shock »
shock »
W variation of emission
subcritical I_le_l_gPE with increasing Ly supercriticaM
emission zone emissionzone ——® < | D/ Z=Ng ~==m==Pmmmmmm
‘\/\/\/\/V variation of emission
. B . Hﬂﬂ{lelght with increasing Ly
Coulomb braking radiation braking »

to rest at surface to rest at surface

Neutron Star Neutron Star

Becker, Klochkov, Schonherr et al. (2012)

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars 13



& pre:

UNIVERSITAT %P h

[ UBINGEN

Variations of the emitting region with changing M

1| M ++
0.9} | ) m H‘%ﬁ %L.& :,

= 0.8| 3
Lﬂo Lx=L
0.7
V 0332+53
A 0535+26
0.6 Her X-1
_ Becker, Klochkov, Schénherr et al. (2012)
0.01 0 05 0.10 0.50 1.00 5.00 10.00
| LX/Lcrit
f M., B A ~1 - M 19/14 R 1/14
h=2.28><1o3cm(—) he= 148 10 em (2] (S )] (o)
S 001/\1.4Mm,] ™ “M01) \20\1am, 10 km
B, -4/7 L =5/7
R, Lx x ( ) X - (s
X ( ) : 1012 G 1037 erg s—!
10 km/\ 1037 erg s~!
14

D. Klochkov / Structure of the X-ray emitting region in accreting pulsars



UNIVERSITAT
TUBINGEN

http://www.sternwarte.uni-erlangen.de/wiki/doku.php?id=cyclo:start

AP
(363
v '

2§

=0

éAIT

MAGNET Collaboration
(based on
Caballero&Wilms 2012)

Source Ecyc [keV] Pspin | Porbital Companion |T/P
[s] [d]
QuirJ16266- 10 15.4|  132.9|Be p
4U 0115+634 é‘z" 24, 36, 48, 3.6 24.3 |Be T
4U 1907+09 18, 38 441 8.37[B21m-Iv [P
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New results on A0535+26 (Swift/BAT)
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“Second” critical luminosity
Navier-Stokes equation in a stationary case:

A 1
‘ 0=—-vVv—-Vp+g
Along z-axis: P
1 dp dv
NS O\ pdz dz
Let us introduce a column density variable y: dy = -pdz.
dp dv
- — vV
dy My 7

p(z)v(z)=povo=const. The equation above can thus be trivially
integrated:

p(y) = gy + vopo(vo — v)
(see also Staubert et al. 2007)
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“Second” critical luminosity
p(y) = gy + vopo(vo — )

hydrostatic dynamic

lower M term term
The accretion mound starts to

higher M “respond” to the varying M/ when
hydrostatic term starts to be
comparable to the dynamic one.
Using continuity equation pv—M/A and velocity profile from
Nelson et al. (1993):

M 2 Vi 1/4
amie=0= 252 1= (2)] -2 - (-2

Vo Tx

Equating static and dynamic terms at 7 = Tx:
MUO
9y =—3 — Lx~ 1039 erg/s
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“Second” critical luminosity

lower M

higherM

Using continuity equation pv=M
Nelson et al. (1993):

MUO

Vopo(vg — V) = y 1 —

Equating static and dynamic tern X

B MUQ |
gy— A —
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Summary

e Luminosity-dependence of the X-ray spectrum of accreting
pulsars (reaction on the changing A/) is a key source of
information about the configuration of the emitting region

e Spectrum-luminosity dependence can be studied on very short
pulse-to-pulse time scale

e Accreting pulsars show at least two types of spectrum-
luminosity correlations which we interprete as manifestations of
different emitting region configurations

e Transition between different accretion modes occur at certain
“critical” luminosity(-ies), Lerit, which depend on individual pulsars’
properties

e Qur theoretical estimates of L¢it are consistent with the
observed transitions between different regimes
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