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X-ray luminosity (L,) vs spin-down power (L.4)

m Becker and Trumper (1997) used 27/ rotation-power
pulsars observed by ROSAT (0.1-2.4 KeV) and found
L8R g

m Saito (1998) used 16 rotation-power pulsars observed by
ASCA (2-10 KeV) and found L, ~ (L. )*?

m Possenti et al. (2002) used ROSAT, ASCA, RXTE,
BappoSAX, Chandra, XMM (41 pulsars) to obtain
L1117 (Lsd)l'34

MSPs 1n the field are included 1n above three analysis.
However

m Grindlay et al.(2002) find MSPs 1n 47 Tuc satisty
Lx~(|—sd 1
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The phase-
resolved
spectrum of
the Crab
pulsar

Energy range
of the data

100eV-10GeV

(Kuiper etal.
2001)



Radiation Theories of Pulsars and Pulsar
Wind Nebulae

m A Self-consistent Outer Gap Model - 3
Dimensional Model

m A Simple Model for Radiation from
Pulsar Wind Nebula



Radiation from pulsar magnetospere - 3D pulsar model

Static dipole field
- non-rotating pure dipole
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Retarded magnetic field lines of the rotating and inclined dipole field
- Relativistic effects are taken into account
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Force free condition
Implies:

1
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Charge distribution:
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Pair creation in Outergap where(E«8)=o

The high energy photons emitted by the charged particles in the
gap can become pairs by

¥ + X(soft photon) — e*
These pairs limit the growth of the gap




Self-sustained Mechanism - Pair Production and (Thermal
and Non-thermal) X-ray emission from near and on NS surface
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In this model, there are
mainly two components, Ie. |
BB from surface and PL Ly=E/ RN, ~ 3.3 x 10°/fB,, P7>"

from synchrotron radiation ro2
_ — 24, —1/2 54 p—17/4] ‘s — 1%
of cascade electron/positron Ly~ 14 x 107 ~""B{;'P (R) *min



m In this model, the typical energies of the soft X-rays and

the y-rays are completely determined by pulsar
parameters and the size of the outer gap

m Soft X-ray photon:
E, ~9.8x10" f!*B,"" P~
m Curvature gamma-ray photon:
E ~1.4x10°f*?B,"*P7""
O gzig%tgiillj production condition E,E, ~(m.?)’
f ~5.5B, " P

where f=h/r, is the fractional size of the gap

m [n this model we assume that if the gap current is
weak the gap begins at the null charge surface, where
the electric field Is zero.
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Leg L, (0.1 — 2.4 KeV) (erg ™)

L=10"2L,,

Log L {ergs™)

Solid symbols are
data and empty
symbols are model
10 predictions
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The model prediction (Cheng & Zhang

1999) in 2-10KeV is L, — (L )**>,

which 1s consistent with BT97 results in

0.1-2.4 KeV but inconsistent with the

results of Saito et al. and Possenti et al.



Light curves
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m The figure shows the photon
emission direction. Once the
observed angle 1s given, we can
determine the light curve

Polar Angle {Deq.)

m N.B. The emission direction i1s

1400 HHHHHH

affected by the relativistic ot 7
effects: S i

m Aberration effect g 0| i

= Time of flight effect j;f’% w00 |- )

m Consequently photon emission é :::
directions are squeezed into the N T T

boundary Ofthe Open ﬁeld 1ines, o 33 80 BA 120 180 1BD 210 240 270

a double peak structure IS Phase (Deg.)
fOI‘med o = 650 Q — 810




Calculation of Radiation Spectra -Trajectory of observed emission regions
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Calculate the local y-ray emissivity including
curvature radiation,
synchrotron radiation and
inverse Compton scattering
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EGRET Phase-resolved Spectrum of Crab Pulsar in Five Phases
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Problems of Geometry of CHR model

Maxwell eq: V-E, =47 (p, — pg,)

stellar surface stellar surface

pe=e(n4—n-)

m Shibata, Hirotani, Takata et.
al. (2003, 2004, 2005) they
have pointed out that the
assumed outer gap geometry
will not be stable one when
the electrodynamics is taken
iInto account. The inner
boundary of the outer gap
will be no longer located at
the null surface. The inner
boundary will move toward
the star when current flow is
very large and near the
Goldreich-Julian current

null surface

pPe

____________

density.

Hirotani 2005



Electric along B-field depends on the fraction of
G]J current density (Hirotani 2005)
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Light Curves and Emission Trajectories of New Geometry
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Intensity (arbitrary units)
on

The solid curve Is outgoing radiation
of gap 1 from the null surface to the °
light cylinder and the dotted curve is _, : _
the outgoing radiation of gap 2 from e

6d 120 180 240 300 380

the inner boundary to the null surface. : Phame

In this new geometry of the accelerator, we can calculate the model phase
resolved spectra to 360°
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Two parameters (B and Pitch angle) fitting of the phase-
resolved spectra from 102 eV to 101V for observed phases

of the Crab pulsar ( a=55°% and (= 80°) (Jia 2005)
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One parameter fitting (pitch angle) (Tang 2006)

Averaged, 0=30%, E=777, ,=0.57, sinp (F; )-0.04, r.=0.1E;.
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Detail calculation can be found in the poster in this conf. by J. Takata

Polarization of the Crab pulsar
Crab optical data

® The optical data for the Crab
pulsar has been available

1,K. Chen et al (1996)

-Polarization at two peaks with
synchrotron emission

2, J.Dyks et al. (2004)

-Curvature emission model,
which predicted too high
degree of polarization

3, J.Petri & J.Kirk (2005)
-Pulsar strip wind model

Intensity

angle

degree

Polarization Position

Kanbach et al 2004
They did not explain the Crab optical polarization
§ data, optical spectrum and light curve together
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J. Takata (20006)

Light curve

1.0uter gap starts from the inside of null Charge

surface

Crab Pulsar

0.8

2.Emissions from higher order generated pairs

(<20% of pea

ux of secondary pair emissions)



Optical polarization by
traditional geometry

No.off-pulse PGJ=0

J. Takata (2006)

\ 0 = 500
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L_ow polarization
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I\/Iodlfled outer gap model J. Takata (2006)

Expected Synchrotron phase -ave.
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80 degree
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1200

000, Although the

light curves are
identical, the

s00

J projection — 0
il These two light direction of the - - - 80
curvesoverlap ——7 .
each other by magnetlc fields
11 shifting 180

are different in
these two curves

degrees

200

] G0 120 120 240 300 360
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Viewing angle j takata (2006) A

m  With position angle swing, we can
determine the viewing angle from the \
rotation axis, which is ambiguous with
light.curves and.spectrum.
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For the Crab pulsar, the viewing angle is lager than 90deg !
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Radiation fromm PWN

m Shock will be formed when pulsar wind interacts with
Its surrounding SN/ISM and the shock radius is
estimated as (for young pulsars)

R =~ )”2 6 x 1ﬂ14L£§43_}cm

b L

(For mature and millisecond pulsars)
Ligg

Eﬂ'ﬂlsmﬁgf‘

m Synchrotron radiation from the relativistic electrons
gives non thermal X-ray with (Chevalier 2000)

— 4 +2)/4
LI_E{EE IE['F 214 p— ER (p—2 IELE 1/

16 IIE —lfﬂ -1

Ry >~ (

Tt

Where 2<p<3 is the electron power index.
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Recently we re-examine ASCA data and find L, — (L_.,)*3° similar to
that of Possenti et al. (Cheng, Taam & Wang 2004). HOWEVER

T T T =

1E37 4
1E36 L -
1E35 L 4

—~ 1E34 .
i - 3
o N 3
e [ 4
1E31 L 4
1E30 L §
1E29 _‘-Frl 1 ||||||I 1 L1 |||||I 1 L1 |||||I 1 L1 |||||I 1 L1 |||||I 1 L1 |||||I 1 1 ||||||_

1E32 1E33 1E34 1E35 1E36 1E37 1E38 1E39

L., (erg s’)
References: 1. Torii et al. 2001; 2. Torii et al. 1997; 3. Torii et al. 1999; 4. Saito et al. 1997a; 5. Heltand,
Gotthelf & Halpern 2001; 6. Pavlov et al. 2001; 7. Halpern & Wang 1997; 8. Cavaveo et al. 2003; 9.
Pivovaroff et al. 2000; 10. Wang & Halpern 1997; 11. Hiravama et al. 2002; 12. Shibata et al. 1997; 13.
Halpern et al. 2001; 14. Marshall et al. 1998; 15. Wang & Gotthelt 1998; 16. Gotthelf et al. 2000; 17.

21 Takahashi et al. 2001; 18, Sakurai et al. 2001; 19. Saito et al. 1997h.



Separating pulsed and non pulsed components
In ACSA data

1E38. g—r—rrrrre e
1E36 2 1E37 L

1E35 1E36 |-

- 1E35 L
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5 1E33 L i ; 1E34
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2 1E32 | . F F
e F 3 =
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- 1E31 & Pt e
B0 3 1E30 | -
129 F N A B R R R R 1E29 2:'. T AN R B T RN B
1E32 1E33 1E34 1E35 1E36 1E37 1E38 1E39 1E32 1E33 1E34 1E35 1E36 1E37 1E38 1E39
1 -
L (ergs ) L (ergs”)

(L )P ~ (Lsa)®15 (L)"P ~ (Lsg)24
This is consistent with BT97 and our model This component must come from outside

prediction for X-rays from magnetosphere the magnetosphere, e.g. PWN
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Relation between L, and L., of PWN

‘_;I 1 i i T ANL [ 1 ‘_;I III'-I
L A -E p—1 El'i: 1/ }:_: .f."_ﬁl:ﬁ (ip—2), :"L i'j ),

B
ASSUME ) o 1
proton/ion flux N = 1.35_ X 1(]'3'15121:'“ ol
IN PW is GJ flux

Since Lgy = 10% B}, P~%erg s7!, we find N j_ﬁl"rg
leading to -y, L:f- recall R, x Ll‘Fr 2

These together give Lix o Lff..

It appears that the observed relation between should be ~1.25
instead of 1.34 (Possenti et al. 2002) 1f the distribution of p 1s
uniform. However, observations tend to pick up more

€c_ 9%

luminous sources which may bias to large “p”.
29



Assuming g, —0.5, ¢ —0.01 and p =2.2, we obtain
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Lﬂnhﬂ

Lr.h

PSR Leg Fobs R gl Lpul n Vg
CIm CIm em™) km s7!

B1823-13 2.8x10%  6x10'7 Ix10%  Ix10% 1

JOG37-6910  4.8% 107  4x 107 1.8x10%  4x10%

B0540-69 Lix107®  3x10'7 Tx10%  5x 107

JI811-1926 7= 10%  2x10' L4x10*  1p™

B0531+21 4.5%10%  4dx10V7  Fx1017 1037 5x10% 10 123

BO#33-45 6.9 » 103 1017 21017 1.8x10% 10 65

B0633+17 3.2x10*M  5x10'  4x10'8 4% 107 1070 120

J222946114  2.2x10°7  4x10Y 1.3x10%  2x10™

J1105-6107  2.5x 107 4x 10 4x10%  3x10™

B1706-44 3.4x10% 3% 1017 3x10%  3x1032

B1757-24 2.6x10%  4x10 =510  3x10%  4x10*™ 1 < 590

J0205+46449  2.6x10°7 107 Ix10M  3x10™

B1957+20 103 Ex 10 4x10'0 103 2% 10" 1 220

J2021+43651 3.6 x 103 8x 10" 3x10% 107

J1747-2958  2.5x10%  3x10' 710! 5x10M 107 0.3 600

J1124-5916 1037 1017 231017 4x 10 10/ 0.5 450

B1&534-01 4.3 x 10% 107 3x10' 6x10%  4x10* 5 37H

J1930+4+1852  2x10% 1017 10* 6x10% 1

B0453-685 1077 Bx 107 Gx10M 10 0.4

JO538+2817  dx 10 8x 10'® Fw 1018 Gx10%  5x10* 0.5 385




Why does L, of MSPs In the field and in the 47
Tuc obey different L, relation?

® Similarities — period, dipole magnetic field and orbital period.
m Observational hints :

(1)The observed mean Lx — 2 x103° erg/s but the observed spectrum
is thermal with an almost constant T — 3x10° K. These two
quantities suggest that the polar cap radius is only —~3x104 cm,
which is much smaller than the polar cap radius of dipolar field
~3%x10°> cm. This may suggest some strong but small scale field
exists on the surface MSPs in 47 Tuc.

(2)This temperature is extremely insensitive to L
(3) MSPs in 47 Tuc are not good gamma-ray emitters.
m Differences —

(1) the actual long age of MSPs(> billion yrs ) in globular cluster may
allow the complex field structure created during the accretion
phase but bury deep inside the star diffuse out to the surface.

(2)Several times of exchanging companion also make the field lines
complicated.
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What are effects of complicated surface field?

(1)Strong multiple surface field can turn off the outer gap. In this case,
X-rays only come from the polar cap heating and PWN

(2)strong multiple surface can greatly reduce the polar cap area

Ruderman and Cheng 1988
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Thermal X-rays from polar cap

Polar cap heating is given by L, = Jg; Vg,

where Jg, is the Goldreich-Julian current and V.., Is the
potential of the polar aan.

Since Jar=1.35 % H:IE"']'B'HF"_1 es !

and Loy =38 % LB P ergs 57

We can see that if V,, Is constant or insensitive to B and P
then L, — (L.y)'?. There are three known models which are
satisfied this requirement, e.g. RS75 :

Vrg = 10028, p-1737 y

which implicitly require small scale and strong surface
magnetic field (=>> the observed dipole field of MSPSs)
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Why MSPs in 47 Tuc do not have non
thermal contribution from PWN?

millisecond pulsars and their X-ray properties

D I -u;ﬁ A Bohs B, Ly
(kpe) (em™#)  (km s™1) (cm) (cm)
1957+20 1.5 1 22() 5 6 x 10" 5% 10" nonthermal
47 Tue 5 0.1 G0 1" 3.5 x 10" 2% 10  thermal

Therefore MSPs in 47 Tuc only have THERMAL X-rays from polar
cap heating and no contribution from outer gap (non thermal).

Consequently L, (Ly)?
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Conclusions

X-rays from MSPs with small scale strong multipole surface
magnetic field should be thermal and Ly, o (L )" . Outer gap
should not exist in these pulsars and hence they should be weak
gamma-ray emitters.

Pulsars with outer gap should have the pulsed X-ray component
coming from the pulsar magnetosphere with Ly o (L, )1

The non-pulsed non thermal component of X-ray pulsars should
come from the PWN with Ly a (L )P

Polarization, light curves and phase-resolved spectra must be
explained by 3D pulsar model

The phase-resolved spectrum of the Crab pulsar consists of three
components, 1.€. synchrotron radiation, ICS and curvature radiation

The break 1n ultra-violet results from small pitch angle in
synchrotron radiation and most important the swing of polarization
angle suggests that the viewing angle must be larger than 90
degree.
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