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X-ray Satellites in Orbit
Chandra (1999−) ACIS:   X-ray CCD camera!

   energy range: 0.2 − 10 keV!
   field of view: 16.9’ x 16.9’ (ACIS-I)!
   angular resolution: 0.5”!
   energy resolution: 150~300 eV @6 keV

YU is a member of 
Chandra User Committee 

Suzaku (2007−)
XIS:   X-ray CCD camera!
   energy range: 0.2 − 10 keV!
   field of view: 17.8’ x 17.8’ !
   angular resolution:  2’!
   energy resolution: 130 eV @6 keV

HXD:  Hard X-ray Detector !
   energy range: 10 − 600 keV!
   low background YU is a member of Suzaku team
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!
ASTRO-H is an international X-ray observatory, which is the 6th in the series of the X-
ray observatories from Japan. More than 160 scientists  from Japan/US/Europe/
Canada.

HXI (Hard X-ray Imager)

SGD (Soft Gamma-ray 
Detector)

SXS  (Micro Calorimeter)

SXI  (X-ray CCD)

Weight 2.7 t

Height  14 m

• Launch site: Tanegashima Space Center, Japan 
• Launch vehicle: JAXA H-IIA rocket 
• Orbit Altitude:  550km 
• Orbit Type: Approximate circular orbit 
• Orbit Inclination: ~31 degrees 
• Orbit Period: 96 minutes 
• Launch : 2015 

Science operations will be similar to those of Suzaku, with pointed observation of 
each target until the integrated observing time is accumulated, and then slewing to 
the next target. 

US  Participation
NASA (US PI: Rich Kelley) 
     Micro Calorimeter Array/ADR 
     Two soft X-ray Telescopes 
     Eight Science Advisors 
     Pipeline Analysis

1. ASTRO-H Mission (Launch in 2015) PI: T. Takahashi (ISAS/JAXA)



Fermi Gamma-ray Space Telescope
Fermi (2008−) Large Area Telescope (LAT)!

   energy range: 0.2 − 300 GeV!
   field of view: 2.4 str!
   angular resolution: !
 ! ! ! ~ 1 deg @ 1 GeV!
! ! ! ~ 0.1 deg >10 GeV!
            YU is a coordinator of !
the SNR/PWN working group

LAT sensitivity 
for various exposures ➜



Milky Way in Gamma Rays

All sky γ-ray map made by Fermi 
Gamma-ray Space Telescope

Galactic CRs (p/e) produce γ-rays: 
       π0-decay γ-rays  ( CR p + H ➞ π0 ➞ 2γ  ) 
       bremsstrahlung/inverse Compton scattering by CR e



Galactic Diffuse Emission 
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LAT (>1 GeV) three year

Galactic diffuse emission  
− the distribution of interstellar gas; and  
− the distribution of Galactic cosmic rays

  π0-decay γ-rays  ( CR p + H ➞ π0 ➞ 2γ )

 bremsstrahlung  ( CR e + H ➞ γ ) 
 Inverse Compton ( CR e + γ ➞ γ )

Hadronic:

Leptonic:



“Fermi Bubbles”

NASA / DOE / Fermi LAT / D. Finkbeiner & others 

“Fermi Bubbles” 
Huge galaxy-scale bubbles 

filled with CRs: 
Jet-blown bubble?  

Galactic wind bubble?

Dobler

Rossi Prize 2014



“Fermi Bubbles”: of hadronic origin?

Residual count map (2.5-50 GeV) 
Fermi-LAT Collaboration

“Fermi Bubbles” luminosity 
   ~ 4×1037 erg/s (1−100 GeV) 
   ~ 10× WMAP haze

FBs are giant reservoirs of 
Galactic Center CRs: 
LSN (GC) ～ 1×1040 erg/s 

➜ LCR (GC) ～ 1×1039 erg/s 

If this CR injection occurs for a 
period of > tpp ～ 5 Gyr, the 
observed gamma-ray 
luminosity can be explained. 

Crocker & Aharonian (2011)

  π0-decay γ-rays CR p + H ➞ π0 ➞ 2γ )

The hadronic model predicts  
neutrinos:  
～100 events (～300 BGD events) 

for the KM3NeT Detector (1yr)

The KM3NeT Collaboration (2012)



Supernova Remnants (SNRs)
Nucleosynthesis!

X-ray lines (ASTRO-H SXS)!
SN types, progenitors !
Explosion mechanisms !
Origin of heavy elements!

Cosmic-ray Acceleration !
Synchrotron x-rays (ASTRO-H SXI-HXI)!
Diffusive Shock Acceleration (DSA)!
Magnetic Field Amplification (MFA)!
Origin of gamma-rays!
Origin of Galactic cosmic rays

(Hwang+ 2004)

Forward shock !
in CSM Reverse shock !

in ejecta

Cassiopeia A

Well-known conditions: 
         Age, shock velocity, density, B-field, etc.

Detailed multi-wavelength observations: 
         morphology, variability, polarization, etc.



Physics of Collisionless Shock

Thermal ions 

Thermal electrons

  kTi

 kTe

Cosmic Rays: 
     ions and electrons

kTi  > kTe 
in young SNRs

Fermi Acceleration 

CR back pressure  Coulomb + Plasma waves

Heating Acceleration

�11

Turbulent B-fields

Amplification Cooling

Escaping CRs

Thermal

CRs



Evidence for Collisionless Electron Heating
Tycho’s SNR Yamaguchi+13

Fe Kα vs Kβ 

Kα:  Fe 16+ 
Kβ:  Fe 8+   
  (low ionization)

!
β ≡ Te/TFe 

!
β = 10−5 : 
pure Coulomb heating 
!
β = 0.01  
(collisionless heating) 
can reproduce the 
Suzaku observations. 
! ASTRO-H Science Kβ peaks inside



Physics of Collisionless Shock

Thermal ions 

Thermal electrons

  kTi

 kTe

Cosmic Rays: 
     ions and electrons

kTi  > kTe 
in young SNRs

Fermi Acceleration 

CR back pressure  Coulomb + Plasma waves

Heating Acceleration

�13

Turbulent B-fields

Amplification Cooling

Escaping CRs

Thermal

CRs



Diffusive Shock Acceleration (DSA) 

thermal Big Problem: “injection”

How thermal (Maxwellian) particles can be 
injected into Fermi acceleration?

➔ Energy transferred to CRs

 Escaping

Big Problem: “escape”

How highest energy particles 
escape from a shock?

➔ Maximum attainable energy

(key: “self-generated” MHD waves)

CR 

Highest-E CR 

Protons are expected to carry most CR 
energy, but they were difficult to observe. 

Protons :  Emax limited by escape

Electrons : Emax limited by radiative 
loss



CR particles 
thermal particles 

Edmon+11

Tycho

From the gamma-ray data, the 
amount of CRs in Tycho’s SNR at its 
age of t = 439 yr is:  
                 WCR ~ 7% of ESN

 WCR will reach 14% of ESN

Supporting SNR origin 
of Galactic CRs

ξ = nCR/nth  =

ξ = nCR/nth  

ξ is assumed to be constant 

WCR

(1) “Injection” ➔ Energy transferred to CRs

“ad hoc”



Emax
Bohm (B=const)

collisional wave damping

(2) “Escape” ➔ Maximum Energy
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s=1.5photon index Γ ≃ s

ε2 dNγ/dε:  
hard spectrum below 300 MeV

π0-decay γ-rays: Direct Probe of Accelerated Protons

Very hard spectrum below 
300 MeV for any reasonable 
proton index

dNγ/dε: 
symmetric 
about 68 MeV 

π0 production 
microphysics

γ-ray spectrum: dN/dε

small γπ

large γπ

 width = 2βπγπ ε✻ 

logε
ε✻ = mπ c2/2



Hard X-rays & Neutrinos as “Hadronic” Messengers

Synchrotron radiation by secondary e-/e+ produced at interactions of PeV-EeV 
protons with ambient gas or photons.

cf Aharonian (2004)

p + γ  ➞  e-e+  ➞  γ (hard X-ray) 
B

Sensitive hard X-ray observations with 
ASTRO-H HXI can probe the highest energy 
CR protons in SNRs and galaxy clusters.

Transparency of γ-rays  
(& protons) in the Universe 

CR p + p ➞ π + anything 

                  ‣ π0 ➞ 2γ 
                  ‣ π+/- ➞ µ+/- + νµ 
                                µ+/- ➞ e+/- + νe + νµ

B
p + p  ➞  π±  ➞  μ±  ➞  e±  ➞  γ (hard X-ray)

p + γ  ➞  π±  ➞  μ±  ➞  e±  ➞  γ (hard X-ray)
B

PeV

Also, VHE protons can collide with photons:

Direct link between γ-ray  
and neutrino astronomy

Deep link between X-ray and γ-ray astronomy 



PeV protons in SNRs  

Young SNRs with 3 PeV protons: 

     Radiation from secondaries

synchrotron by secondary e± :  
(synchrotron by primary electrons  
with an unavoidable cutoff of hν0 ~ 1 keV 
is expected to be steep at hard X-rays. )

Galaxy Clusters with strong 
accretion shocks

Vannoni+2011

Wp = 1062 erg

d=100 Mpc

VHE γ 
➜absorbed

EeV protons in 
Galaxy Clusters



Fermi Observations of SNRs
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Scientific Objectives:  
− SNRs are the best laboratories to study Diffuse Shock Acceleration 
− SNRs are thought to be the prime sources of Galactic Cosmic Rays 



CA: Funk, Tanaka, Uchiyama



Fermi Telescope Revealed Cosmic-ray Protons
SNR IC443 !

as seen by WISE (Wide-field Infrared Survey Explorer)

(Atomic) shock !
with v~100 km/s

(Molecular) shock !
with v~30 km/s
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Signature of π0-decay Gamma-rays

 Our previous papers reported spectra only >200 MeV. 
 Here we report spectra down to 60 MeV thanks to:  

 Recent update (“Pass-7”) of event reconstruction, which largely 
improved effective area at low energies. 

 Increased exposure time:  1 yr  ➜  4 yr 

Sub-GeV spectra of IC443/W44 agree well with π0-decay spectra.

Consistent with  
AGILE spectrum 
(Tavani et al. 10)

Uchiyama+11

Abdo+13
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SNRs Detections with Fermi

Fermi-LAT Coll(Uchiyama+)2011

SNR

MC
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Gamma-ray Spectra of Fermi-Detected SNRs

Uchiyama+(in prep)

Fermi Cherenkov



108 109 1010 1011 1012 1013 1014

E [eV]

1032

1033

1034

1035

1036

1037

Lu
m

in
os

it
y

[e
rg

s�
1 ]

Cas A (Fermi)
Cas A (VERITAS)
Cas A (MAGIC)
Tycho (VERITAS)
Tycho (Fermi)
RXJ1713 (Fermi)
RXJ1713 (HESS)
Vela Jr (HESS)

Vela Jr (Fermi)
W44 (Fermi)
W44 (AGILE)
W51 (Fermi)
W51 (MAGIC)
IC443 (Fermi)
IC443 (VERITAS)
W49B (Fermi)

"26Uchiyama+(in prep)

Gamma-ray Spectra of Fermi-Detected SNRs



 Cassiopeia A 
• SN ~1680 

• SN type: IIb 

• distance: ~3.4 kpc 

• radius: ~2.5 pc

 Tycho’s SNR 
• SN 1572 

• SN type: Ia 

• distance: ~3 kpc 

• radius: ~3.7 pc 

Most parameters are reasonably well known.  
➔ largely help us interpret gamma-ray results. 

X-ray Images 
 (Chandra)



Young SNR:  Tycho’s SNR
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Fermi-LAT Detection (5σ)

Photon index = 2.3 ± 0.1  
(favors hadronic origin)

6-8% of ESN 
transferred to CRs.



Young SNR:  Cas A
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hadronic (π0-decay) 
!

Zirakashvili et al. (2013):  

leptonic (brems + IC) 
is ruled out 

CR proton:   
✻ Wp = 4×1049 erg (n=10 cm−3) 
   (4% of 1051 erg) 
✻ Ep,max = 10 TeV 
✻ B > 0.1 mG (consistent with X-ray)

Wcr = 3×1050 erg  

Forward and reverse shock 
produces equal amount of 
gamma-rays at 1 TeV 

X-ray: Highest 
energy electrons TeV: Highest 

energy protons

escaped?  

Yuan+13

Zirakashvili+13



Synchrotron-dominated SNR: Vela Jr.
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Tanaka+2011

LAT count map >10 GeV

LAT Detection at ~15σ level 
ΓLAT = 1.87 ± 0.08(sta) 
                   ± 0.17(sys)

Hadronic

Leptonic

B2 = 0.01 mG in leptonic model would be difficult to be 
reconciled with X-ray measurements.  
Hadronic model would require a large CR content 
(5×1050 erg for n=0.1 cm-3)

B2 = 0.01 mG 

Vela pulsar

TeV 
(H.E.S.S.)

Suzaku X-ray 
(Y. Uchiyama)



Middle-Aged SNR: Puppis A
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Hewitt+2012
Diameter: 30 pc 
Age: ~40,000 yr (Sedov phase) 
ISM Density: 1 cm-3

WISE (infrared)

MC

Non-radiative shock

LAT

LAT Detection at ~13σ level 
ΓLAT = 2.10 ± 0.07(sta) 
                   ± 0.10(sys)

The gamma-ray emission can be modeled either 
by bremsstrahlung with We = 1×1049 erg or by  
hadronic (π0-decay) with Wp = 4×1049 erg

brems

π0-decay



Fermi-LAT Detection of W44 Surroundings
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count map 2-100 GeV residual map (W44 subtracted)

The presence of large-scale GeV emission was found in the vicinity of SNR W44

Gamma-rays from W44 itself are subtracted, 
assuming “radio map = gamma-ray map”

SRC-1/2:  TS = 75/102

Uchiyama et al. (2012)

Subtraction of W44



Large-scale GeV γ-rays vs CO map
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W44 is known to be surrounded by a complex of MCs. 
Size ~100 pc, Mass ~106 Msun (Dame+1986)

MC complex is illuminated  
by a “CR halo” around W44 

CO: contours 

SNR W44



After leaving SNR W44, CRs diffuse along the 
external B-field direction ➜ bipolar morphology

CR self-confinement  
(Exciting Alfven waves)

(c) M. Malkov (2012)

π0-decay γ-ray 
(and bremsstrahlung)

Gamma-ray Evidence for Leaking CRs



 Case 1:  
Slow diffusion (D28 = 0.1) 

 Nesc (E) = k E-2.6 

        Wesc = 0.3×1050 erg
 Case 2:  

       D28 = 1 
Nesc (E) = k E-2.0 

        Wesc = 1.1×1050 erg 

 Case 3:  
       Fast diffusion (D28 = 3) 

 Nesc (E) = k E-2.0 

        Wesc = 2.7×1050 erg 

 Molecular clouds illuminated by escaping 
CRs (assumed to be uniform within r<L) 

 L ~100 pc, Mass = 0.5×105 M⊙◉☉  

 Diffusion coefficient of the ISM (isotropic) 

 D(p) = D28  (cp/10 GeV)0.6 1028 cm2 /s

Amount of CRs Escaped from W44
Solving the diffusion equation  
in the vicinity of W44, we can 
estimate the energy spectrum of 
escaping CRs.

W44

Surroundings



Acceleration Efficiency (Simulation)
Caprioli & Spitokovsky 14

B-field Amplification

Parallel 

Perpendicular

3D hybrid simulation  
(kinetic-ion & fluid electron)

time evolution

Parallel: 
efficient 

Perpendicular: 
inefficient 

High M: 
efficient 



SN 1006: “Bilateral”

Fractional polarization (p) at 1.4 GHz

Reynoso+13

Very high polarization  
close to maximally possible degree (< 70%)

B0

H.E.S.S.

ASCA

Koyama+95

Radio polarization

B-field amplification & acceleration  
dependence on B-field direction



Bilateral Synchrotron-dominated SNRs

Fukuyama, YU+ in prep.

Vela Jr. 
Suzaku 
(color)

H.E.S.S. 
(contours)

G1.9+0.3
Chandra (synchrotron)

VLA Reynolds+09

ASTRO-H HXI will search for  
synchrotron by secondary e± above 10 keV:  
(synchrotron by primary electrons  
with an unavoidable cutoff of hν0 ~ 1 keV 
is expected to be steep at hard X-rays. )

Youngest SNR in our Galaxy: ~100 yr

“PeVatron” Search



Synchrotron X-ray Variability in Cas A

VLA (4.7 GHz) Spitzer (3.6 um) Chandra (4-6 keV)

Synchrotron knots/filaments: 
brightening and decaying  ~10%/yr

Uchiyama & Aharonian 08

Patnaude+11

  −1.5%/yr

Local

Global variability

B ~ 0.5 mG



Synchrotron X-ray Brightening in G1.9+0.3

NH = (6.84±0.22)×1022 cm-2 

Γ = 2.57 ± 0.06

Suzaku

SNR G1.9+0.3 
(age ~100 yr) 

  +1.7%/yr

Preliminary



Cutoff of synchrotron X-ray spectrum  
can test DSA theory 

εcutoff ∼ 2

(

V

2000 km s−1

)2

η−1
keV

G1.9+0.3:  V ~ 14,000 km/s 

Cutoff energy > 100 keV can be expected. 
ASTRO-H HXI will test this expectation 

SNR G1.9+0.3 

ASTRO-H Measurement of Synchrotron X-ray Spectra

Injection rate ⬆
Turbulent B ⬆

X-ray Hard X-ray

Turbulent B-field

ASTRO-H HXI  
300 ks

Tycho’s SNR



The Crab Nebula: the only known “PeVatron” (e±) 

Crab pulsar:	

✔ a neutron star	

✔ spin period of 33 ms	

✔ produced by SN 1054

PeV e+/e- in the Crab Nebula 	

➔ the highest energy particles 
seen in astronomical objects

The Crab Nebula:	

a relativistic wind from the 
Crab pulsar is thermalized 
at the termination shock, 	

and also power-law 
particles are generated. 

Sites of nebular emission	

(shocked pulsar wind)



SNR

The Crab: Full of Surprises

The Crab Nebula:  
year-scale variability of hard X-ray emission

The Crab pulsar: extra TeV emission

Fermi-GBM

Fermi-LAT

The Crab Nebula: GeV flares

RXTE

Swift

Fermi-LATMAGIC 
VERITAS



“Crab Flare”

Γ = 1.26 ± 0.11   
εc = 361 ± 26 MeV

 > (9/4αF)mec2 = 160 MeV

Light curve

SED



The Crab Seen by Fermi-LAT

Buehler+(2012)

Pulsar

Average gamma-ray spectra

Nebula: 
Synchrotron 
(variable) Nebula: 

IC (constant)



Long Term Lightcurve
Buehler+(2012) Feb 2009  

flare

Sep 2010  
flare

Apr 2011  
flare



The April 2011 Flare

Buehler+(2012)

✛ Synchrotron nebula brightened by a factor of ~30 
✛ Flux doubling time : 4-8 hours 
✛ No change in pulsar flux and phase 

~ 9 min time bins



The April 2011 Flare: Spectral Evolution

Γ = 1.26 ± 0.11   
εc = 361 ± 26 MeV

Lγ ~ 1036 erg/s 
    ~ 1% of Lsd

Buehler+(2012)



A New Flare in March 2013 

The second strongest flare so far. 

Mayer+(2013)

Γ = 2.4 ± 0.1 Γ = 3.8 ± 0.3 Γ = 4.4 ± 1.0 

Significant variations 
 in 4 hours 



X-ray Images During the Flare
!
Weisskopf+(2013) inc. Uchiyama 

✛ Chandra observations during the April 2011 flare 
✛ No correlated activities in the inner ring region  



Why Puzzling? 

✚ Compactness  
    Doubling time t ~ 4-8 hours ➜ Emission region < ct ~ 3x10-4 pc 
                                                        (Inner ring ~ 0.1 pc) 
    Large luminosity (~ 1% of spindown power) from a compact region 

✚ Spectrum  
    Γ = 1.26 ± 0.11:  Flare energy is carried by the highest energy electrons 

   εc = 361 ± 26 MeV:   Appears to violate the radiation reaction limit 
             Balance between acceleration (E<B) and synchrotron cooling 
                 ➜ Cutoff of synchrotron spectrum must be: 
                                  εc < (9/4αF)mec2 = 160 MeV 

At least, relativistic beaming is necessary ( δ ~ a few or more) 
(But HST/Chandra images show only a mildly relativistic flow of ~0.5c)



Prospect for CTA 

Counterpart in the TeV bandpass (IC) would be detectable 
with CTA!

Kohri, Ohira, Ioka (2012) 



Highly Relativistic Post-shock Flow?

✚ Komissarov & Lyutikov (2012) 
- RMHD simulations suggest highly relativistic flows near  
termination shock (Komissarov & Lyubarsky 04). 
- High resolution simulations suggest variability of termination shock 
(Camus+09).

Lorentz factor (up to 5)



Magnetic Reconnection?
✚ Cerutti, Uzdensky, & Begelman (2012) 

Magnetic reconnection: 
- electrons accelerated by reconnection 
electric field 
- focused inside the current layer where 
B field is small (E>B) 
- a beam of PeV electrons  

Bz = B0 
(dashed)

Bz = 0 
(solid)



Cosmic Particle 
Accelerators Identified

Identification of π0-decay


