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Abstract

* The pulsar releases its rotational energy as highly relativistic wind
* This produces a pc-scale nebula, called as Pulsar Wind Nebula (PWN)

I”

* The “standard mode
e BUT the PWN which exhibits different feature from Crab is found

* We calculate both the entire spectrum and the spatial structure of emission
spontaneously and examine the “standard model”

of PWN based on Crab found general acceptance

Crab Nebula 3C58

(X*NASA , radio : NCSU)

The size of Crab nebula shrink with increasing frequency.
_ This fact is interpreted by synchrotron cooling.
(NASAJESA.CXC) Composite BUT 3C 58 does not appear this feature...
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3C 58 (Blue :X, Red : Radio)

Introduction —pulsar Wind Nebulae-

* Extended objects around the isolated pulsar
e Center-filled morphology
* Physical scale ~ a few pc

* Very broad non-thermal spectrum from radio to TeV-y rays

* Synchrotron and Inverse Compton radiation from shocked
pulsar wind

(X : NASA , radio : NCSU)

G21.5-0.9

* e.g. Crab Nebula (as known as “M1”)
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Introduction —pulsar Wind Nebulae-

* Rotation-Powered Pulsar
e Periodic radiation: P ~ 1s
« Magnetic braking by strong B ~ 102G

* Pulsar releases its rotational energy

 Time derivative of P is well observed : P ~ 10~(12-13)gg—1

« Lgg = |100] =5 x 1038erg/s( )_3 (ﬁ;o-ﬂ) (Crab pulsar)

e Pulsar Wind Nebula(PWN) is driven by pulsar
* Pulse luminosity ~ 1% X Loy < Lgg4

33ms

(Nebula luminosity)+(Expanding power) ~ Lg4 \«m
* Most of Ly, is injected to PWN | \ Time
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Blue : X-rays
. Red : Opt.
Introduction —pulsar Wind Nebulae.

* Pulsar Wind
e Outflow which brings out pulsar rotational energy
* Highly relativistic wind (bulk ' ~ 10°) consists of e _
* The strong shock is formed due to the interaction with Cdmposite
interstellar matter
* Kennel & Coroniti (1984); Standard model for PWN (hereafter KC model)
e 1D and steady state MHD model
* The non-thermal e¥ are produced by shock acceleration

* Due to the effect of radiative cooling, the emission region becomes
narrow with increasing frequency

(NASA/ESA)
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* Previous studies of 1D steady model for PWN L B -
* Kennel & Coroniti (1984) ; MHD model + synchrotron radiation st/

e Atoyan & Aharonian (1996)
* Reproducing the whole spectrum of Crab nebula by considering the Inverse Compton

* Raised problems of 1D steady model
e KC model is ONLY confirmed by Crab nebula
— Can KC model explain a spectrum of general PWN?
* There are some X-ray PWNe that extend the same as radio

- Different behavior from Crab nebula...

0.8}

Entire spectrum
_|_
Spatial structure of emission

0.6

Can we reproduce these
simultaneously?

0.4

Surface Brightness (arbitrary units)
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M Od eI —Qverview-

* Schematic view of KC model

e Pulsar wind forms the shock structure

e Downstream flow is free stream

= Jump condition at termination shock

=>Sub-sonic steady flow

* Assuming that the energy distribution at 75

* Propagating in PWN with radiative cooling

Rotational
axis

<

= Evolution of energy distribution

Pulsar wind nebula
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M odel —Flow Solution-

H

» MHD model of PWN (Kennel & Coroniti,1984a).. =" y {,‘u B]
—0

e Up-stream : Pulsar wind (unshocked) dr
e Assumptions : Cold Plasma, toroidal field & Highly relativistic wind p B2

5 d
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Energy distribution of ef atr =1
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Model —Injection & Parameters- dE o EP:

dE

* Boundary condition
* Presuming broken power-law form

* Assumption/Observable quantities Epin E, Epax
e Ein = 10mc? is fixed
* Enax is determined by “size limited” : Eyyax = eBypTs
* p; is corresponding to radio index, which is well observed. (e.g. Crab p; ~ 1.6)

« All the spin-down power L, is converted to non-thermal e* and flow kinetic
energy

Injection power to PWN

Contact Discontinuity

Termination Shock Ly, = 4nrZeny®mc?(1 + o)
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Model

—Energy distribution & Radiation-

¢ Evolution of non-thermal e*

Flow solution given by MHD model

* n(E,r) : the energy spectrum of eT at radius r

aO
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Convective derivative Synchrotron cooling

* Calculation of photon spectrum
e Synchrotron radiation
* The magnetic field B(r) given by flow solution
* Inverse Compton scattering
* The model of seed photon is taken from GALPROP
* Fully taking into account the Klein-Nishina effect

IC cooling

Observable quantities
* The spectral emissivitij is obtained from n(E,r)

Adiabatic cooling

>

Volume expansion
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Test Calculation



Test Calculation

* Parameters

i+ 0=10x10"* |
e 175 = 0.1[pc] !
|+ E, =10°mc? |
i+ p2 =25 |

Free Parameter

* |nterstellar Radiation field

-configurations-

"™ dr
t d Ej
aav r cu(r)

* Lsg = 10°%[erg/s]
e Enin = 10mc?

e D = 2[kpc]

Epax = 3.4 X 108mc?
B; = 1.9[uG]

ny = 4.5 x 10712 [/cc]
tagy = 2411[yr]

+ p =11 i

Adopted Parameter

* Flow structure

Obtained parameter
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Test Calculation -energy spectrum- i S rEREIL
* Energy spectrum of non-thermal e+ T~ =
« Atr = 13, absolute value of distribution function is s eass  moa
determined so as to keep the consistency with MHD model T/7s
* So the synchrotron life-time o< E~1, maximum energy of spectrum becomes lower
with increasing radius r
» Effect of inverse Compton cooling is negligible
* Adiabatic cooling appears as a simultaneous energy-loss
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Test Calculation -spectrum-

Photon spectrum of entire nebula

e Two breaks appear : intrinsic break & cooling break
e Synchrotron spectrum is harder than IC

— Due to the increasing magnetic field strength with radius r (In contrast, Upy, is uniform)
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Application



Red : Radio , Blue : X-rays

-
.

Target

ASA/CXC/SAO/P.Slane et al.)
(Radio: NCSU/S.Reynolds)

 Selection criterion
* Enough flux measurement at various frequencies

* X rays PWN extend same as radio  C21.5-09

* G21.5-0.9 500
* Angular size : 40” in radius 10:34:000
* Distance : D=4.8kpc (Tian & Leahy 2008)

— Nebula radius : 7y = 0.9pc

e Central pulsar: PSR J1833-1034

100

200

Declination (J2000)

30.0

: — — s (Matheson & Safi-Harb (2010) )
_ _ 13 -1 (
* P=61.9ms, P = 2.02 X 10 SS "} ©  Red:Radio , Blue: X-rays
— 37 23
7 Lsa = 3.3 X107 [erg/s] e e T T
10’ :
e 3C58 621508 —

* Angularsize: 5 X9’

* Distance : D=2.0kpc (Kothes et al.,2013)
— Nebula radius : 7y = 2.0pc

e Central pulsar : PSR J0205+6449

e P=65.7ms,P = 1.94 x 107135571
> Leg = 2.7 X 1037 [erg/s]

Energy Density[eV/cc]

107 4 l 2 = lo 1
107 10° 10° 10° 10 10
Photon Energy[eV]
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Result -Entire Spectrum-

* Fitting

* Due to the enrichment of observational data,
the model parameters can be obtained by fitting the entire spectrum only

* Note

G21.5-0.9 3C58
o 2.0x107* 1.0 x 107*
Ts 0.05 pc 0.13 pc
Ey 5.0 X 10*mc? 6.0 X 10*mc?
D, 2.3 3.0

* In GeV range, there is large systematic error caused by subtracting the contribution of the

central pulsar

—> We regarded the Fermi detection of 3C 58 as upper limit

* There are NO natural parameter sets that can reproduce the X-ray index
- We referred to only the absolute value of flux at X-ray datas
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Result -Entire Spectrum-

G21.5-0.9

3C58
o 2.0x 107* 1.0 x 107*
Ts 0.05 pc 0.13 pc

Ey 5.0 X 10*mc?

6.0 X 10*mc?

D2 2.3

3.0

* Fitting
* Due to the enrichment of observational data,
the model parameters can be obtained by fitting the entire spectrum only
* Note

central pulsar

—> We regarded the Fermi detection of 3C 58 as upper limit

* There are NO natural parameter sets that can reproduce the X-ray index
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Result -surface Brightness-

e Surface brightness

* Radial profile of the surface brightness for

various frequencies

G21.5-0.9 3C58
o 2.0x107* 1.0 x 107*
Ts 0.05 pc 0.13 pc
Ey 5.0 X 10*mc? 6.0 X 10*mc?
D, 2.3 3.0

e The Cut-off feature appears due to the two different reasons

* At the edge of nebula -> “Confinement”
* Inner nebula -> “Synchrotron Cooling”

* The X-rays nebulae are smaller than radio on both G21.5-0.9 and 3C 58
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Surface Brightness (arb.)

Result -surface Brightness-

 Comparison with observation
e Surface brightness

e Calculated emission region is smaller than observation

* Photon index
* The sudden steepening appears

G21.5-0.9 3C58
o 2.0x107* 1.0 x 107*
Ts 0.05 pc 0.13 pc
Ey 5.0 X 10*mc? 6.0 X 10*mc?
D, 2.3 3.0

The model can reproduces the entire nebula spectrum,
BUT the spatial structure of emission is incompatible

10
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Discussion & Conclusion



DISCUSSION —Parameter dependence-

* Which parameter does change the emission profile?
o : determines the flow structure
T, . determines the characteristic scale of flow

* Both o and 1y are determines the strength of magnetic field

* The parameter dependence of surface brightness

Brightness (normalized)
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To reproduce the larger X-ray PWN, smaller o and larger 75 is required
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DISCUSSION -Parameter dependence-

* Smaller o and Larger 7y
* These mean to take the lower magnetic field

* Inthe case of G21.5-0.9,
5 > 10 = B = 30[uG] (c.f. Best-Fit B ~ 120[uG])

Pic
The magnetic field expected by fitting entire spectrum is too strong to

reproduce the observed expanse of the X-ray PWN.
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= KC model CANNOT explain the spatial structure of PWNe!
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Ssummary

* We investigate the 1-D model of PWNe based on Kennel & Coroniti (1984), and
apply this model to two objects, G21.5-0.9 and 3C58.

* We find that the KC model can reproduce the entire spectrum but the spatial
structure (surface brightness and photon index) is incompatible.

* In this model, the magnetic field required by the entire spectrum is too strong
to reproduce the spatial structure of emission.

* That is to say, the high-energy electrons that emits the X-rays suffer the
excessive synchrotron cooling.



Future Work

* Observational study
* The low energy component of electrons does not suffer synchrotron cooling.

= Observing PWNe by radio, we can obtain the information about the spatial
structure of the magnetic field and electron density. BUT these degenerates.

* If we investigate the spatial structure by y-rays, we can obtain the spatial
distribution of electrons independently

= CTA will achieve the spatially resolved observation of PWN » -

x 1018

1.6
* Improvement of the model

e Recent study by MHD simulation implies the existence of 1 -
turbulence in PWN (e.g. Porth+14)
e Approach
» Diffusion: Spatial diffusion by disturbed magnetic field
= This will spread the high-energy electrons further
* Re-acceleration : Stochastic acceleration by turbulence 1
= This will suppress the synchrotron cooling

0.8

- 0.0

- —0.8

- —1.6

0.0 0.8 1.6

x1018

(Porth et al. ,2014)



