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• Introduction and motivation
– SNRs and the origin of Galactic cosmic rays

– Basics of VHE  ­ray astronomy

• Supernova Remnants in VHE ­rays
– VHE shells : RX J1713.7­3943, ...

– Young (historical) SNRs : Cas A, ..., SN 1006

– Interacting Molecular Clouds: W28, ... 

• Other relevant observations of SNRs
‒ Non­thermal X­ray  rims

– Modified hydrodynamics

• Discussion and summary 



  

Galact ic Cosm ic Rays  (GCRs)

Energy of Nucleus (eV)

•  E <  a few hundred MeV :SolarE <  a few hundred MeV :Solar
   cosmic rays   cosmic rays  

•   E >  3 X 10E >  3 X 10 1818 eV (not  conf ined eV (not  conf ined
   by    by BB) : ex tragalact ic (UHE)CRs) : ex tragalact ic (UHE)CRs  

•   in between: Galact ic CRsin between: Galact ic CRs

•  Direct measurements only at Earth (satellites and atmosphere)

•  Known to fill the Galaxy from diffuse gamma- ray emission (EGRET)

•  Known not to fill intergalactic space from non- detection of SMC
  (and lower inferred CR density in LMC)

Eknee~  3x1015 eV

GCR I GCR II?



  

VHE - rays  from  (shell- typ e) sup ernova rem nan ts
and  the origin  of Galact ic cosm ic rays

• Su p ern ova rem n an t   are wid ely con s id ered  likely sou rces  of 
Galact ic cosm ic rays  u p  to  th e “kn ee”, E

 
~310 15 eV :

– Well- s tu d ied  sh ock accelera t ion  m ech an ism ;

– GCR com p os it ion  com p at ib le with  an  SNR or igin ;

– En erget ics  requ ire ~  10% of tota l SN en ergy of 10 51 erg

• Observat ion al evid en ce for  accelera ted  e -  (syn ch rot ron )

• For  accelerated  p roton s  (an d  ion s ), h ad ron ic in teract ion s
with  am bien t  m at ter  p rod u ce 0, d ecayin g in to two - rays  
wh ich  can  be observed .

• On e of a im s  of VHE - ray as t ron om y (e.g. Dru ry et  a l. 1994)



  

“TeV” or  Very High  Energy (VHE, 100 GeV <  E

 <  100 TeV)

Gam m a- Ray Astronom ical Detectors

• “GeV” - rays  d etected  in  sp ace exp er im en ts  ( EGRET , Ferm i)
• at  h igh  E, lim ited  by calor im eter  d ep th  an d  collect in g area

   for  h igh er  en ergies , u se Ear th 's  a tm osp h ere as  d etector
• im agin g atm osph eric Ch erenkov  telescope  (IACT) exp er im en ts
• h igh es t - en ergy p h oton s  yet  observed  (~ 100  TeV)

Curren t  generat ion  of VHE - ray exp erim ents

• large m ir rors , fin e p ixels , s tereo tech n iqu e  h igh  sen s it ivity   

• MA GIC (Can ary Is l.); VERITA S (U.S.); CA NGA ROO- III (Au s t ralia)  

• H.E.S.S. (Nam ibia) : 4  m ir rors  of 12 m  d iam eter , fas t  cam eras  
(~ n s ), observin g in  s tereo on  d ark, m oon less  n igh ts



  



  



  

SNRs with  shell m orphology in  VHE - rays

RX J1713 .7 - 3947  (or  G34 7 .3 - 0 .5 )
• VHE - ray em iss ion  d iscovered  by 

CA NGA ROO (Muraish i et  al. 2000)

• firs t  resolved  SNR sh ell in  VHE
- rays  (H.E.S.S. 2004, Nature 432 , 75)

• very good  sp at ia l correla t ion  with  
(n on - th erm al) X- rays  (ASCA 1- 3 keV)
(H.E.S.S. 2006, A&A  449 , 223)

• large z en ith  an gle observat ion s   
sp ect ru m  0 .3–100  TeV (H.E.S.S. 2007, 
A&A  449 , 223)

• p ower  law  2.0  with  cu toff or  break
at  E


~10 TeV (d ep end ing on  m od el)

• L
1- 10  TeV

 ~  10 34 erg/ s  (assum ing D 1.3  kp c)

• lep ton ic em iss ion  scen ar io   B ~  9  G



  

• Detect ion  of a  th in , 2 o d iam eter  
sh ell (H.E.S.S. 2005, A&A  437 , L7)

• CA NGA ROO- II d etected  NW r im  
(Katagir i et  al. 2005), - III con firm ed  
th e sh ell (Enom oto et  al. 2006)

• High  sp at ia l correla t ion  with  X- rays  
(ROSAT, ASCA); n o clear  correla t ion  
with  CO (H.E.S.S. 2007, ApJ 661 , 236)

VHE - ray shells

RX J0852 .0 - 4622  (or  G26 6 .2 - 1 .2 , “Vela Junior”)

• p ower  law =2.240 .04
s t at

0.15
sys

 

(ind icat ion  of s teep en ing at  h igh  energies)

• L
1- 10 TeV

 ~  610 33 erg/ s  a t  “far” D 1 kp c

• lep ton ic em iss ion  scen ar io   B ~  7  G



  

Lates t  VHE - ray shell?  RCW 86  
Hop p e & Lem oin e- Gou m ard  (for  H.E.S.S.), 30 t h  ICRC, Ju ly 2007

• ~ 4 excess  ear lier  rep or ted  by 
CA NGA ROO (Watanabe et  al. 2003)

• ~ 9 in  ~ 30h  : clear  d etect ion

• h in t  of sh ell m orp h ology (m ore 
d ata  n eed ed ), like syn ch rot ron
X- ray an d  rad io sh ell

• n o h in t  of s t rong en han cem en t
at  SW d en se in teract ion  region

• fa ir ly s teep  p ower  law, =2.50.1
s t a t

• L
1- 10 TeV

~  410 33 erg/ s  assum ing D2.5  kp c

• lep ton ic em iss ion  scen ar io   B ~  22 G
(com p at ible with  X- ray r im s, Vink et  al. 2007)

• h ad ron ic scen ar io : ext rap ola ted  p roton  
sp ect ru m  too h igh , n eed   2 an d  cu toff 
(also com p atible with  sp ect ral d ata)



  

VHE - ray shells  : general p ropert ies

• d om in an t ly n on - th erm al X- ray em iss ion

• weak rad io synch rot ron  em iss ion

• s im ilar  VHE lu m in os it ies , L
1- 10 TeV

~  several10 33 erg/ s

Leptonic emis s ion s cenario

• d is favou red  by sp ect ru m ; im p lies  fa ir ly low B ~  10 G,
in  ap p aren t  con t rad ict ion  with  tu rbu len t  B- field  am p lifica t ion

Hadronic emis s ion scenario

• n o obviou s  exp lan at ion  for  h igh  correla t ion  with  X- rays ,
an d  p oor  correla t ion  with  su rrou n d in g m ed iu m  d en s ity

• Steep  sp ect ru m  or  cu toff a t  E

~10 TeV  E

p
~10 14 eV

  sp ect ru m  s teep en s  well sh or t  of “kn ee” at  E
p
~310 15 eV

     (a lso th e case for  Cas  A)



  

Prim ary  population: protons  ? 

 Sp ect ral sh ap e at   in ject ion  : p ower- law w/ exp on en t ion al cu t - off
                           E

cu t
 =  120  TeV  an d  in d ex =  2 .0

•  En ergy in jected  =  10 50 ergs
•  Elect ron / p roton  ra t io  =  5  x 10 - 4

•   Magn et ic field  =  35 µ G & Den s ity =  1 .5  cm - 3

Spectral m ode ling of G347 .3 - 0 .5



  

Prim ary  population: e lectrons  ?  

•Need about 8  µ G B fie ld to  m atch flux  ratios

•Sim ples t e lectronic m odels  don’t w ork w e ll

 Sim p le on e- z on e m od el 
 Elect ron s  & p roton s  in jected  with  th e sam e sp ect ral sh ap e
 En ergy losses  +  escap e of p ar t icles  ou t  of th e sh ell t aken  in to accou n t  

B =  10 µG

B =  8 µG

B =  6 µG

B =  10 µG

B =  8 µG

B =  6 µG

Pow er- law  index =  2 .4  at injection Pow er- law  index =  2 .2  at injection



  

The youngest  Galact ic SNR : Cass iopeia A
• age~ 330 yr  (n o clear  SN observat ion )

• VHE em iss ion  d iscovered  by HEGRA
(Aharon ian  et  al. 2001, A&A  370 , 112)

• 232  h ou rs  (!), s ign ificance 5  

• u n resolved , cen t roid  in  Cas  A

• Con firm ed  by MA GIC : 5 .2   in  47  h
(Alber t  et  al. 2007, A&A  474 , 937)

• sp ect ra  com p at ib le

• s teep  sp ect ru m  : = 2.40.2

• L
1- 10 TeV

 ~  310 33 erg/ s

       (D 3.4 kp c)

• sh arp  syn ch rot ron  X- ray 
r im s , etc.   h igh  B ~  m G

• h ad ron ic em iss ion  favou red



  

Other young (h is torical) shell- type SNRs

Ty cho (SN 1572)

• d eep es t  u p p er  lim it : HEGRA  2001
(A &A  373 , 292) with  65 h ou rs

• L
1- 10 TeV

 <  10 33 erg/ s

    (assu m in g D 2 .3  kp c an d  = 2)

• syn ch rot ron  X- rays   B >  22  G

Kepler (SN 1604)

• recen t  H.E.S.S. u p p er  lim it  (H.E.S.S. 2008, A &A  488 , 219)

• L
1- 10 TeV

 <  10 33 erg/ s    (as su m in g D  4 .8  kp c an d  = 2)

   (d is tan ce u n cer ta in  by 1.5  kp c  factor  ~  2  in  L
1- 10 TeV

)



  

Other h is torical shell- type SNR : SN 1006

– ~ 30 ' d iam eter  sh ell
– CA NGA ROO- I  claim ed  br igh t  NE 

h otsp ot  (Tan im ori et  a l. 1998), n ot  
con firm ed  by H.E.S.S. (2005, A &A  
437 , 135) n or  CA NGA ROO- III 

– after  103 h , H.E.S.S. d etect ion !
(Naum ann- God o et  al., Gam m a 2008)

– flu x ⇒ L
1- 10  TeV

 ~  10 33 erg/ s

    (assu m in g D 2 .2  kp c)

– Morp hology seem s to  m atch  X- ray syn ch rot ron
(con tou rs: Chand ra m ap  sm oothed  to m atch  H.E.S.S. PSF)

– Lep ton ic scen ar io  B ~  30  G  (lower  than  in ferred  from  r im s)

– Had ron ic scen ar io : given  low (n  ~  0 .05 cm - 3) m ed iu m  d en s ity, 
requ ires  fla t  (p   2) sp ect ru m  for  reason ab le en erget ics

– wh eth er  p roton s  or  elect ron s , sh ows  d is t r ibu t ion  of accelerated  
p ar t icles  in  SN 1006



  

Bip olar  m orp h ology of p ar t icle accelera t ion  in  SN 1006

• SN 1006 : exp los ion  in  n ear ly u n iform , u n d is tu rbed  m ed iu m ?

– Typ e Ia  : n o s tellar  p rogen itor  win d

– High  above th e Galact ic p lan e

• Roth en flu g et  a l. (2004) : X- ray im age
com p at ib le with  syn ch rot ron  “p olar  cap s”,
n ot  with  “equ ator ia l ban d ”

• Su gges t s  th at  paralle l sh ocks , an d  n ot
perpendicular, a re wh ere p ar t icle
accelerat ion  is  m os t  efficien t

• Oth er  h is tor ical sh ell- typ e SNRs a  factor  >  3  less  lu m in ou s  
in  VHE ­rays than Cas A

• Lower surrounding medium density(?), or less efficient particle 
acceleration

You n g SNRs  in  TeV gam m a- rays



  

• n ew sou rce HESS J1801- 233 on  E 
r im  of SNR W 28, rad io h ot  sp ot

• coin cid en t  with  EGRET sou rce

SNR /  Molecu lar  Cloud  in teract ions  :  W 28  
(H.E.S.S. 2008, A &A  481 , 401)



  

• n ew sou rce HESS J1801- 233 on  E 
r im  of SNR W 28, rad io h ot  sp ot

• coin cid en t  with  EGRET sou rce

• m orp h ological m atch  to  CO clou d

• 1720 MHz  OH m asers  : s ign atu re
of sh ock /  MC in teract ion

SNR /  Molecu lar  Cloud  in teract ions  :  W 28  
(H.E.S.S. 2008, A &A  481 , 401)



  

• n ew sou rce HESS J1801- 233 on  E 
r im  of SNR W 28, rad io h ot  sp ot

• coin cid en t  with  EGRET sou rce

• m orp h ological m atch  to  CO clou d

• 1720 MHz  OH m asers  : s ign atu re
of sh ock /  MC in teract ion

SNR /  Molecu lar  Cloud  in teract ions  :  W 28  
(H.E.S.S. 2008, A &A  481 , 401)

s teep  sp ect ru m , =2.70 .3
s ta t

(fla t t en in g in  EGRET ran ge)
L

1- 10  TeV
 ~  510 32 erg/ s , as su m in g  

D ~ 2  kp c



  

VHE - rays  from  SNR /  MC in teract ions  : IC 443

General p rop ert ies
• correla t ion  with  h igh  d en s ity  s t ron gly su gges t s  h ad ron ic em iss ion

• s teep  sp ect ra , fla t t en in g in  EGRET range, low 1- 10  TeV lu m in os it ies

• Probe of accelerated  p roton  sp ect ra  in  SNRs?

• Caveat  : p assage in  MC m ay a lter  sh ock accelera t ion  p rop er t ies

• d iscovery of an  u n resolved  sou rce
in  IC 443 (MAGIC 2007, ApJ 664 , L87)

• n ot  coin cid en t  with  PWN (white s tar)

• d irect  coin cid en ce with  p eak CO 
d en s ity (blue con tou rs), 1720 MHz
OH m aser  (black d ot)

• com p at ib le with  3EG J0617+ 2238

• very s teep  sp ect ru m , =3.10.3
s t at

• L
1- 10 TeV

~  210 32 erg/ s  with  D 1 .5  kp c 



  

X- ray evid ence for  accelerat ion : the case of Tycho’s  SNR
(1) Non- therm al sp ect ra                         (Warren  et  a l. 2005) 

X- ray colors : S,Si an d  Fe lin e
Em iss ion  (th erm al from  ejecta),
4 - 6  keV con t in u u m

Con t in u u m  r im  (b las t  wave) 
sh ows  fea tu reless  p ower- law 
sp ect ra  (no d etectab le th erm al 
lin e em iss ion )

•   m ost  young shell SNRs (Cas A, Kepler, SN 1006, G347.3- 0 .5 ,
  G266.2- 1 .2 , RCW 86…) d isp lay (d om inant ) non- therm al sp ect ra
•   if synchrot ron  rad iat ion , ⇒ Ee ~  10- 100 TeV (for  typ ical B)



  

(2) Morphology : Th in  non- therm al r im s

• , -  Thin non thermal filaments   : at SNR edge
      not expected morphology for thermal or

  adiabatic synchrotron emission

● Most  likely d ue to synch rotron  losses  of 
the h igh - energy em it t ing elect rons  (Vink 
& Lam ing 2003, Berez hko & Völk 2004…); 
im p lies  large m agnet ic field s

● Magnet ic field  am p lificat ion  d r iven  by CRs 
(Bell & Lucek 2001, Bell 2004) can  help  
accelerate ions  toward s  E ~  3 x 10 15 eV

• Filam en t  geom et ry: p roject ion  effect

∆  For  an  exp onen t ial p rofile 
the d e- p rojected  wid th  is  P/ 4.6

(Ballet  2005)

• Altern ate exp lan at ion : sh arp  r im  d u e 
to  d ecay of m agn et ic tu rbu len ce 
(Poh l, Yan  & Laz ar ian  2005); bu t  
con s is ten t  with  rad io m orp h ology?

observed

intrinsic

Typical filament width =  0.05 -  0.2 pc

Tycho



  

Methodology: Self- consis ten t  m agnet ic field

 Isotropic tu rbu len ce +  d iffu s ion  laws  u p / d own s t ream
● Rad ia t ively lim ited  r im s : 

          t acc (Eem ax) =  t syn c(Eem ax)
● Com p are ∆ Robs/ P with  s iz e of th e r im : 

∆Rr im (D,B) =  f(∆ Rad v,∆ Rd iff) Berez h ko & Voelk 2004
   ⇒ ∆Rr im , Eem ax ⇒ B(α, r , Vsh , Ep h - cu t - off, ∆ Robs) 

Par iz ot , Marcowith , Ballet  & Gallan t  2006

9284961G347.5- 0.5

100951101SN 1006

40040053010Tycho

3002503404.5Kep ler

3502803903.2Cas  A

B(1/ 3,4)B(1,10)B(α= 1, r= 4) µG(r= 4)SNR

The magnet ic f ield is highly amplif ied in SNR displaying X- ray f ilaments



  

Maxim um  p art icle energies  and  const rain ts  on  tu rbu lence

● B ⇒ Ep m ax(α)  for  p rotons  
t acc(Epm ax) =  t SNR

● Const rain t s  on  α:
    Dashed  lines  are the 

rejected  values  of α: 
D(Ep m ax) <  DBohm

• Ep m ax <  Eknee (3 PeV)
● “Worse” for  r  =  10 

Parizot et al. 2006

It  is diff icult  to reach/ go beyond the knee 
even with B- field amplif ication

Cav eat: Turbulence assum ed  isotropic: κp erp  =   κp arallel



  

(3) Ind irect  evid ence for  ion  accelerat ion : hyd rod ynam ics

• Warren  et  a l. (2005) m easu red  
ra t io  between  b las t  wave (BW) 
an d  con tact  d iscon t in u ity (CD) 
rad ii : m ean  0 .96

● ejecta  /  sh ocked  am bien t  
m ed iu m  CD su b ject  to  
Rayleigh - Taylor  in s tab ility = >  
p rot ru d in g fin gers ; correct in g 
for  th is  b ias , s t ill get  ~  0 .93

● p u re gas  d yn am ics : exp ect  0 .86  
or  les s

• Decou rch elle, Ellison  & 
Ballet  (2000) sh owed  th is  
can  be exp lain ed  by 
s ign ifican t  accelerated  
ion  p ressu re

● Cav eat: tu rbu len t  B- field  
p ressu re n ot  t aken  in to 
accou n t



  

More d etailed  s tud ies  in  Tycho (Cassam - Ch en aï et  a l. 2007)

• Observe X- ray sp ect ra l 
s teep en in g beh in d  sh ock 
(syn ch rot ron  losses )

• Lack of th erm al em iss ion  
from  r im : n

0 
<  0 .6  cm - 3

• Use cosm ic- ray- m od ified  
h yd rod yn am ics  to  rep rod u ce 
d is tan ce between  b las t  wave 
an d  con tact  d iscon t in u ity

• Con s id er  syn ch rot ron - loss  vs  
m agn et ic d am p in g- lim ited  
r im s , rad io an d  X- ray p rofiles

• Magn et ic d am p in g scen ar io 
fa ils  to  exp la in  rad io p rofile



  

Sum m ary  : s he ll- ty pe  SNRs  in TeV - ray s

VHE shells  : RX J1713.7 , RX J0852 .0 , RCW 86

• Lep ton ic scen ar io d is favou red  d u e to  low im p lied  B- field s

• Had ron ic scen ar io fa ils  to  exp lain  h igh  correla t ion  with
X- rays , p oor  correla t ion  with  su rrou n d in g m ed iu m  d en s ity

• High - en ergy cu toff or  b reak  d ifficu lt  to  reach  the “knee”?

Young (his torical) SNRs
• Cas  A  con firm ed , with  som ewh at  s teep  sp ect ru m  : h ad ron ic 

scen ar io favou red ; h igh  B- field

• Ty cho , Kepler a  factor  >  3  les s  lu m inou s

• SN 1006  d etected  : b ip olar  m orp h ology for  accelera t ion

SNR /  MC interactions  : W 28, IC 443, CTB 37A...

• Correla t ion  with  CO d en s ity s t ron gly su gges t s  h ad ron ic

• Relat ively s teep  sp ect ra , low lu m in os ity in  1 - 10  TeV ban d

• Passage th rou gh  MC m ay alter  sh ock accelerat ion  p rop er t ies


