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✤ Introduction

• Why do we care about Cosmic Rays (CRs) in SNRs?

✤ X-ray Variability:  “Seeing” Acceleration of Cosmic Rays!

•RX J1713.7-3946

•Cassiopeia A

✤ Suzaku x HESS

•(RX J1713.7-3946  in Tanaka’s talk)

•Vela Jr  (preliminary) 

Outline
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GALACTIC SOURCES

2.3.2.1 The Crab Nebula

The Crab Nebula, one of the most prominent objects in the sky, is a unique
particle accelerator. The undisputed synchrotron nature of the non-thermal
radiation from radio to low energy γ-rays (see Fig. 2.7) indicates the ex-
istence of relativistic electrons of energies up to 1016 eV. Given the large
magnetic field in the nebula, B ≥ 100µG, this implies an extremely effective
acceleration at a rate quite close to the maximum possible rate allowed by
classical electrodynamics. The Compton scattering of the same electrons

Fig. 2.7 Nonthermal radiation of the Crab Nebula from radio to very high energy γ-
rays. The solid and dashed curves correspond to the synchrotron and inverse Compton
components of radiation, respectively, calculated in the framework of the spherically
symmetric MHD wind model. The vertical arrows indicated the ranges of characteristic
frequencies of synchrotron photons emitted by electrons of different energies.

leads to effective TeV γ-ray emission. Despite different approaches and
accuracies of calculations performed by many authors in the past, the Crab
Nebula was confidently predicted as a strong VHE γ-ray source. Since the
first positive report by the Whipple collaboration (Weekes et al., 1999), the
Crab Nebula has been detected by more than 10 independent groups using
different ground-based techniques. Presently the reported fluxes cover a
very broad energy interval that extends from 60 GeV (de Naurois et al.,
2002) to 20 TeV (Aharonian et al., 2000a)

As the brightest persistent TeV source seen effectively from both hemi-
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from the polynomial Ðtting, so the chosen values of the
model parameters above are expected to deviate from our
deÐnition by some factor.

Moreover, taking the sparseness and uncertainties of the
observed data into consideration, it is natural to think some
range of uncertainties are included in the model parameters,
too. Such uncertainties are also investigated in this section.
Here we explain the procedure of searching these parameter
sets. The range of uncertainties is di†erent for each model
parameter. Of the seven model parameters, the index s can
be regarded as Ðxed. In contrast, R and are expected toq

ehave a large uncertainty, while d is relatively stable. The
search for model parameters is made as follows. We Ðrst
choose a certain value of Then, we adopt a suitable valueq

e
.

of R so as to reproduce the low-energy spectrum of the
synchrotron component, whereby some discrepancies will
appear at the high-energy part of the synchrotron com-
ponent. Noting that the observed ratio of isL ssc,o/L syn,odetermined by the combination of B2d4R2, we can adjust
the break feature of the synchrotron spectrum by adopting
a suitable combination of B and d. A slight adjustment of
the value of R is also made. Finally, the high-energy end of
the synchrotron component is adjusted by adopting a suit-
able In this step, slight adjustment of the model pa-c max .
rameters that are determined in the previous steps is also
made. The resultant spectral shape of the SSC component
should be compared with observation, while the calculated
SSC luminosity should match the observation. This com-
parison determines whether the chosen parameter set is
allowable or not. The whole step is repeated starting from a
di†erent value of to Ðnd the best-Ðt model parametersq

eand uncertainties. Although this is not a complete survey of
the parameter space, we believe that this provides a reason-
able estimate of the uncertainties because the most uncer-
tain parameters are and R.q

e
4.1. Best-Fit Parameters

4.1.1. Mrk 421
Mrk 421 (z \ 0.031) is a well-known BL Lac object and

the Ðrst identiÐed source of TeV gamma-ray emission by
the Whipple Cerenkov telescope (Punch et al. 1992).

Following Kataoka (2000), the observables of Mrk 421
are chosen as follows : a \ 0.3, Hz,lsyn,o,br \ 2.5 ] 1014

Hz, Hz,lsyn,o,max \ 1.6 ] 1017 lssc,o,max \ 1.0 ] 1026
ergs cm~2 s~1, andFsyn,o \ 8.6 ] 10~10 Fssc,o \ 3.4

] 10~10 ergs cm~2 s~1. Substituting these observables into
the analytic estimate described in ° 2, we obtain d \ 14.3,
R \ 7.9 ] 1015 cm, B \ 0.31 G, cbr \ 0.69 ] 104, cmax \ 1.8

cm~3 s~1, and s \ 1.6. The dotted] 105, q
e
\ 3.2 ] 10~4

line in Figure 4 shows the predicted spectrum obtained by
using these analytic values.

This Ðrst set of parameters in fact produces much higher
luminosities than observations, which is not surprising as
explained above. Then we try to search for the best-Ðt pa-
rameters by changing model parameters to match the pre-
dictions with observations. Finally, we Ðnd a satisfactory set
of model parameters to be d \ 12, R \ 2.8 ] 1016 cm,
B \ 0.12 G, cm~3 s~1,cmax \ 1.5 ] 105, q

e
\ 9.6 ] 10~6

and s \ 1.6. In this Ðtting procedure, we Ðx the reference
value of s, because s can be determined with little error from
the spectral shape of the low-energy synchrotron emission.
The thick solid curve in Figure 4 shows the predicted spec-
trum of Mrk 421 calculated from equations (1) and (3) for
the best parameter set given above. The corresponding elec-

FIG. 4.ÈOne-zone SSC model spectra for the steady state emission of
Mrk 421. The thick solid line shows the best-Ðt spectrum where the
adopted parameters are d \ 12, R \ 2.8 ] 1016 cm, B \ 0.12 G, cmax \ 1.5
] 105, cm~3 s~1, s \ 1.6, and The dotted lineq

e
\ 9.6 ] 10~6 u

e
/u

B
\ 5.

shows the spectrum obtained using the analytic estimates for Mrk 421. The
thin solid and dashed lines show the spectra of low and high injection
models, respectively, to indicate the uncertainty range of the spectral
Ðtting.

tron energy spectrum is shown by the thick solid curve in
Figure 5. The ratio of derived using this self-consistentu

e
/u

Bnumerical result is u
e
/u

B
\ 5.

The thin solid curve and the dashed curve in Figures 4
and 5 are for di†erent sets of model parameters used to
examine the range of uncertainties in the values of the
model parameters. The dashed curve is for the case in which

FIG. 5.ÈElectron energy spectrum and kinetic power of Mrk 421 corre-
sponding to Fig. 4.

3 Major Objects in Very-High-Energies 
1. Young SNRs

2. Pulsar Wind Nebulae

3. TeV Blazars

SED:  Sync +  Pion-decay (proton) ?
Engine:  Supernova 
Dynamics:  Non-relativistic ejecta   

SED:  Sync +  IC (electron)
Engine:  Rotating NS 
Dynamics:  Relativistic wind   

SED:  Sync +  IC  (electron)
Engine:  Supermassive BH
Dynamics:  Relativistic jet (beaming)  



X-ray Variability (1) RX J1713.7-3946

Basic Information

HESS (color)
ASCA (contours)

Distance: ~ 1 kpc
Age:  ~1600 yr
Radius: ~ 9 pc

TeV gamma-ray imaging by HESS
(Aharonian et al. 2004, 2006, 2007)

Dominated by non-thermal X-ray
(Koyama et al. 1997, Slane et al. 1999) 

TeV ??
(1) leptonic 
Inverse Compton

(2) hadronic
Pion decay

B-field is a key parameter.



X-ray Variability (1) RX J1713.7-3946

Chandra ACIS-I
(sqrt scaling)

• X-ray spectra :  power-law type                       
photon index 2.1-2.5 by ASCA and Chandra
(Koyama et al. 1997; Slane et al. 1999; 
Uchiyama et al. 2003)

• Hard X-rays by RXTE  (Pannuti et al. 2003)

• Synchrotron radiation by shock-accelerated 
multi-TeV electrons (Reynolds 1996)

•  

NH ! 0.8× 1022 cm−2

Γ ! 2.3

Power-law Spectra (0.5 - 10 keV)

Uchiyama et al. (2003)

No Lines 
Every

where
!

photon index

(almost) everywhere!

Basic Information (conti.)



X-ray Variability (1) RX J1713.7-3946
Our Chandra Monitoring Observations

Chandra (color)
HESS (contours)

Most filaments 
(spatially extended) 
are variable in time!!

Timescale ~ 1 year

Decaying

Brightening and Decaying

Uchiyama et al. (2007)

X-ray spectra:
a power law 
with photon index ~2



X-ray Variability (1) RX J1713.7-3946

Variability Timescales 

Decaying = Synchrotron Cooling 

Brightening = Acceleration of Fresh Electrons 

Light crossing time

Diffusive shock acceleration 

variability timescale 
 :  impossible for non-relativistic plasma waves/motion

tsync ∼ 1.5

(
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)

−1.5
(

ε

keV

)

−0.5

year B ∼ 1 mG

tlc ∼ 0.1

(

θ

6 arcsec

)

year

∆tvar ∼ 10 × tlc
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B ∼ 1 mG

η ≡

(

δB

B

)2

η ∼ 1

Consistent with Suzaku 
(Takahashi et al. 2008)

“gyro-factor”



Suzaku Broadband Spectrum

RX J1713.7-3946 Takahashi et al. 2008

 Shock acceleration in the Bohm regime!

 Spectral cutoff
η ∼ 1

Tanaka’s talk

Uchiyama et al. 2007



X-ray Variability (1) RX J1713.7-3946
Combined with previous XMM data

Chandra (color)
sqrt scaling

Chandra Chandra ChandraXMM XMM
2000 2001 2004 2005 2006

Time evolution over 6 yrs

• Synchrotron origin of X-rays is verified
• Variability:  fast synchrotron cooling and fast CR acceleration
• B-field ~ 1 mG is necessary to account for the variability 



X-ray Variability (1) RX J1713.7-3946

Suzaku reveals hard filaments

Chandra (color)
sqrt scaling

Hard filaments are expected to 
be violently variable.

• We ask for monitoring observations (AO3, AO4,...):
• twice a year,  for ~4 years

Suzaku
5 - 10 keV

Suzaku
0.5 - 4 keV



X-ray Variability (1) RX J1713.7-3946

Magnetic Field Strength

• Filamentary regions:  B ~ 1 mG

• How about more diffuse regions?          
 (Direct relation to TeV gamma-rays)

To account for:
Spectral shapes

Fluxes

Radio constraints

• B ~ 0.2 mG



total proton energy

X-ray Variability (1) RX J1713.7-3946

Hadronic Origin of Gamma-rays

Average field of B ~ 0.2 mG IC (leptonic) unlikely

Suzaku wide band
Tanaka’s talk for details

TeV has hadronic origin:

Wp ∼ 3 × 1050
n
−1 ergs

GLAST
will determine proton index

(NW only)

proton roll off

> electron cutoff

Ep,roll ∼ 100 TeV

Ee,cutoff ∼ 10 TeV



X-ray Variability (2)  Cassiopeia A

Basic Information
Distance: 3.4 kpc
Age:  340 yr
Radius: 2.5 pcthe youngest known SNR in our Galaxy

“Spitzer + Hubble + Chandra” view of

Forward shock
 (synchrotron x-ray)

Reverse shock
(synchrotron 
radio/IR/x-ray)



X-ray Variability (2)  Cassiopeia A

X-ray Image and Spectrum

Si-K Fe-K 4-6 keV

Chandra (Hwang et al. 2004)

Suzaku XIS+PIN spectrum
(Data from Y. Maeda)

thermal brems.

nonthermal

Both T/NT:
Reverse-shock dominated 

cutoff power law

Tentative decomposition into T/NT

What is the origin of nonthermal X-ray?



X-ray Variability (2)  Cassiopeia A

Time Sequence of Chandra Images Uchiyama et al.

4 - 6 keV images
Time evolution over 4 yrs
brightening and decaying
spatially extended (few arcsecs)

2000, 2002, 2004 data have 
almost identical ACIS settings:
aim point, roll angle, etc.

DeLaney & Rudnick (2003)
Hwang et al. (2004)



X-ray Variability (2)  Cassiopeia A

Sequence of Chandra Images Uchiyama et al.

Si-K band

Si-K:      silent 
4-6 keV: violent

4 - 6 keV

Difference Image (2002 - 2000) 

thermal origin
Similar to variable components found by 

Patnaude & Fesen (2007)
synchrotron origin



X-ray Variability (2)  Cassiopeia A

Spectra of Variable Filaments

A+B (added)

E+F (2000)
E+F (2002)

Γ ! 2.3

Γ ! 2.3

Synchrotron radiation
from reverse-shocked ejecta  

Uchiyama et al.



Suzaku vs HESS (1)  :  RX J1713.7-3946　(Tanaka’s talk) 

Position Dependence of  “KeV/TeV”

keV 
excess 

KeV excess in NW = Variable filaments 
CR acceleration in this region would have become active in recent years.
(Tanaka’s talk)



Suzaku vs HESS (2) :  Vela Jr　(Preliminary) 

Basic Characters

ASCA  (Slane et al. 2001)

Distance: 0.2 ~ 1 kpc (uncertain)
Age:  ? yr
X-ray = nonthermal dominated 
(Slane et al. 2001)

HESS imaging
Largest TeV object in the sky
(Aharonian et al. 2005)

Γ ! 2.7



Suzaku vs HESS (2) :  Vela Jr　(Preliminary) 

Suzaku Mapping Uncovered 3 Components! 

Northern hemisphere 10 ks x 18 pointings (AO 2) 

Low

High

Medium



Suzaku vs HESS (2) :  Vela Jr　(Preliminary) 

Suzaku Mapping Uncovered 3 Components! 

Low

High
Old Vela

Vela Jr thermal(?)

Vela Jr sync

Vela Jr sync

CR proton energetics based on Suzaku-HESS comparison:

Wp ∼ 3 × 1050
n
−1 ergs

If confirmed, we will get a robust estimate of

 (for D = 1 kpc)



End Remarks

• Presence of  X-ray Variability 
decaying = synchrotron cooling 
brightening = CR acceleration (and B-field amplification) 

• Evidence for synchrotron origin of  X-ray emission 
synchrotron origin of X-ray emission is verified (especially in Cas A)

• Evidence for B-field amplification
B ~ 1 mG amplified by CR themselves (in forward and reverse shocks) 

• Evidence for Hadronic origin of TeV gamma-rays
TeV gamma-rays are hadronic (especially in RX J1713.7-3946)

6 things we uncovered in this year

• Presence of Thermal X-rays in Vela Jr (preliminary)
We will get a robust estimate of proton contents. 

• PeV acceleration 
CRs can be accelerated to PeV energies, given B~mG and gyro-factor~1.



X-ray Variability 
Summary

• Variability 
decaying = synchrotron cooling 
brightening = CR acceleration (and B-field amplification) 

• Synchrotron origin 
synchrotron origin of X-ray emission is verified (especially in Cas A)

• Witnessing CR acceleration  
“real time” observations of CR acceleration processes

• B-field amplification
B ~ 1 mG amplified by CR themselves (in forward and reverse shocks) 

• Hadronic TeV gamma-rays
TeV gamma-rays are hadronic (especially in RX J1713.7-3946)

• PeV acceleration 
CRs can be accelerated to PeV energies, given B~mG and gyro-factor~1.


