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Astronomy	
  :	
  Which	
  Astrophysical	
  Messenger?	
  

– Astronomy	
  with	
  gamma	
  ray	
  photons	
  	
  	
  	
  à	
  	
  	
  

•  	
  High-­‐energy	
  processes	
  (>keV...interac:on	
  energy)	
  
•  	
  Hot	
  Plasma	
  
•  	
  Rela:vis:c	
  Par:cles	
  
•  	
  Nucleosynthesis	
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–  Emission	
  due	
  to	
  Radioac:vity	
  
•  No	
  “Ac:va:on”	
  (thermal,	
  ioniza:on)	
  

–  Isotopic	
  Informa:on	
  
•  Related	
  to	
  Specific	
  Nuclear	
  Reac:ons	
  

–  Penetra:ng	
  Radia:on	
  
•  No	
  Occulta:on	
  Correc:ons	
  

–  Penetra:ng	
  Radia:on	
  
•  Poor	
  Imaging	
  Resolu:on	
  (deg…arcmin)	
  

–  Low	
  Signal,	
  High	
  Background	
  
•  Galac:c	
  Sources,	
  SN	
  Ia	
  <	
  10Mpc	
  

Gamma-­‐Rays	
  from	
  Radioac:vity:	
  Key	
  Points	
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INTEGRAL	
  Cosmic	
  Photon	
  Measurements:	
  The	
  SPI	
  Ge	
  γ-­‐Spectrometer	
  

Coded-­‐Mask	
  Telescope	
  	
  
Energy	
  Range	
  15-­‐8000	
  keV	
  
Energy	
  Resolu:on	
  ~2.2	
  keV	
  @	
  662	
  keV	
  
Spa:al	
  Precision	
  2.6o	
  /	
  ~2	
  arcmin	
  
Field-­‐of-­‐View	
  16x16o	
  

Coded	
  Mask	
  Telescope:	
  
Cas:ng	
  a	
  Shadow	
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!
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"!Supernova Explosions, 
and how they unfold and 
release new nuclei 

  
"!Using nuclear emission as 

a tool for astrophysics 
related to the cycle of 
matter 

"!High energy sources can 
make it difficult to 
disentangle nuclear 
contributions 
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Supernovae	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
  



?^*!J%Y!K&'*1=9%&')&3!q!-%)&!J==<*=!

H$#=*f)&9*1%2:&3!!
g)&%16!?6=9*5!

D+)9*!(8%1E!!
-*13*!

g)&%16!
-%==!>1%&=E*1!

^<2$*%1!g<1&)&3!
'<1)&3!%221*:#&!

F*!?+*$$!
!d$%=+!

D(!
%9!!

-H+!

H*&91%$!
H!J3&):#&!

?^!J%!

HfkfFfF*!!
?<1E%2*!

D(! D(!

0)%&9!D(!

M! N!

F*!
X221*:#&!
R%6*1fg*$9!

D(!

((! ?(!

^<2$*%1!g<1&)&3!
'<1)&3!2#$$)=)#&!

!
"!.1#3*&)9#1!')Q*1=)96Z!

#!H#&=*&=<=Y!!
/WU$#=)#&!#E!%!Hk!D(!,H!E<=)#&7!

!
#!J==<*=Y!

d$%5*!!
U1#U%3%:#&!

H#$$#I<)<54!J.-K!>#C6#!,@74!LM!@<&!NLMO!

2*3%4(!%/!*56!
!7889!

:;(<;5()!%/!*56!78=7!

45!6%&'1*7$+89:+#!
+)!;0,7<!
=*70.:>7!;+?=!$%,!

(@ABC!$7.!

D@
EF

G!
/
H!

!7889!

>**'!%/!*56!78=?!

"#$%&'!()*+$!



?^J%!R)3+9Y!"%')#%2:Q)96!0%55%P"%6=!-%C*!kU:2%$!/5)==)#&!

•! nO^)!'*2%6!3%55%P1%6=!%&'!*T!%1*!)&):%$$6!E<$$6!%G=#1G*'!
!,!!=<U*1&#Q%!$)3+9!E1#5!9+)=!rG#$#5*9*1e74!!
%&'!$*%C!#<9!$%9*1!

#U:2%$Y!
TfPNL!'%6=!

sP1%6=Y!
onLlMLL!'%6=!

H#$$#I<)<54!J.-K!>#C6#!,@74!LM!@<&!NLMO!"#$%&'!()*+$!



nO^)!"%')#%2:Q)96!(*2%6!H+%)&!%&'!0%55%P"%6=!

•! !!

56Ni 

56Fe 

 e--capture (98%) 

 ! 750 keV (50%) 

! =8.8 d 

56Co 

  !  847 keV (100%) 

! = 111.3 d 

! 812 keV (86%) 

0+ 

1+ 

2+ 

4+ 

2+ 

0+ 

4+  

   !   1238 keV (68%)  

e- - capture (81%) 
! 158 keV (100%) 

3+ 

0+ 
   !   270+480 keV 
       (36%) 

3,4+  
"+  - decay 
(19%,E~0.6MeV) 

 ! s   3.253(8%),2.598(17%), 
          1.038(14%), 
           1.4,1.771(16%)  MeV   

sP1%6=Y!
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H#$$#I<)<54!J.-K!>#C6#!,@74!LM!@<&!NLMO!"#$%&'!()*+$!



SN2014J	
  
•  In	
  M82	
  	
  

(Starburst	
  Galaxy)	
  
•  Discovered	
  22	
  Jan	
  2014	
  	
  
•  Likely	
  Explosion	
  Date:	
  	
  
	
  14	
  Jan	
  2014	
  (14.75	
  	
  +/-­‐0.3d)	
  

•  Distance	
  3.3….3.53	
  Mpc,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  l=141.41o,	
  b=40.56o	
  

•  Closest	
  SN	
  Ia	
  in	
  40	
  y!	
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  

– Detec:on	
  of	
  847	
  
and	
  1238	
  keV	
  lines	
  
from	
  56Co	
  decay	
  	
  
at	
  days	
  50-­‐100	
  

– Confirm	
  SNIa	
  model	
  

– Significantly	
  
Doppler-­‐broadened	
  

•  Churazov	
  et	
  al.,	
  Nat,	
  2014	
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  
–  The	
  56Co	
  decay	
  lines	
  
– Different	
  spectral	
  binning	
  
– Different	
  epochs	
  

	
  
	
  
	
  
à	
  Observe	
  a	
  structured	
  and	
  
	
  	
  	
  	
  	
  evolving	
  spectrum	
  
	
  –	
  expected:	
  	
  
	
  	
  	
  	
  gradual	
  appearance	
  	
  
	
  	
  	
  	
  of	
  	
  broadened	
  56Co	
  lines	
  

•  Diehl	
  et	
  al.,	
  A&A	
  (2015)	
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  847	
  keV	
  56Co	
  line	
  
– Choice	
  of	
  spectral	
  	
  
“line	
  emission”	
  
assignments	
  

– Structured	
  	
  
brightness	
  
	
  evolu:on	
  

à Compare	
  	
  
	
  	
  	
  	
  	
  high/low	
  res	
  data	
  
	
  	
  	
  	
  	
  to	
  models	
  

–  56Ni	
  mass	
  (fized):	
  0.49	
  +/-­‐0.09	
  M¤ �

 (cmp	
  from	
  bol.	
  Light	
  à	
   	
  0.42	
  +/-­‐0.05	
  M¤	
  
•  Diehl	
  et	
  al.,	
  A&A	
  2015	
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56Ni	
  Radioac:vity	
  Decay	
  Chain	
  and	
  Gamma-­‐Rays	
  
•  	
  	
  

•  Nuclear	
  BE	
  release	
  0.6M¤	
  C,Oà56Ni:	
  ~1.1	
  1051	
  erg	
  (>2*BEWD)	
  

56Ni 

56Fe 

 e--capture (98%) 

 γ 750 keV (50%) 

τ =8.8 d 

56Co 

  γ  847 keV (100%) 

τ = 111.3 d 

γ 812 keV (86%) 

0+ 

1+ 

2+ 

4+ 

2+ 

0+ 

4+  

   γ   1238 keV (68%)  

e- - capture (81%) 
γ 158 keV (100%) 

3+ 

0+ 
   γ   270+480 keV 
       (36%) 

3,4+  
β+  - decay 
(19%,E~0.6MeV) 

 γ’s   3.253(8%),2.598(17%), 
          1.038(14%), 
           1.4,1.771(16%)  MeV   
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Simulating how an exploding belt of 
accreted He would be observed in 
gamma-rays: 
Polar viewing   ! unshifted lines 
Equatorial viewing ! blue shift 

W7 model 

He belt model 

polar view 
equatorial view 

A belt of He accreted from the companion star ! He explosion, 
 triggering the SNIa explosion of the CO white dwarf (M<Mch) 

Markus Kromer 
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SN2014J:	
  Early	
  56Ni	
  (τ~8.8d)	
  
Spectra	
  from	
  the	
  SN	
  	
  at	
  ~20	
  days	
  a~er	
  explosion	
  

– Detec:on	
  of	
  	
  
~158	
  keV	
  emission	
  
also	
  in	
  broad-­‐bin	
  
analysis	
  

	
  
	
  

– An	
  underlying	
  
	
  broad,	
  red-­‐shi~ed	
  
line	
  as	
  well??	
  

–  56Ni	
  mass	
  es:mate	
  (backscaled	
  to	
  explosion):	
  ~0.08	
  M¤	
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  et	
  al.,	
  A&A	
  (2016)	
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NuSTAR	
  and	
  44Ti	
  in	
  Cas	
  A	
  
–  Imaging	
  in	
  hard	
  X-­‐rays	
  (3-­‐79	
  keV)	
  à	
  44Ti	
  lines	
  at	
  68,78	
  keV	
  

• Cas	
  A:	
  first	
  mapping	
  	
  
of	
  radioac:vity	
  in	
  a	
  SNR	
  

	
  
–  Both	
  44Ti	
  lines	
  detected	
  clearly	
  
–  line	
  redshi~	
  0.5	
  keV	
  	
  
à	
  2000	
  km/s	
  redshi~	
  asymmetry	
  

–  Image	
  differs	
  from	
  Fe!!	
  
–  44Ti	
  flux	
  consistent	
  with	
  	
  
earlier	
  measurements	
  

–  	
  Doppler	
  broadening:	
  (5350	
  ±1610)	
  km	
  s-­‐1	
  

	
  
	
  

Chandra	
  (Fe)	
  vs	
  NuSTAR	
  (44Ti)	
  
GrefensteMe	
  et	
  al.	
  2014	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
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NuSTAR	
  and	
  44Ti	
  

Chandra	
  (Fe)	
  vs	
  NuSTAR	
  (44Ti)	
  

S.	
  Boggs	
  et	
  al.,	
  Sci	
  (2015)	
  	
  

Measuring	
  SN1987A	
  in	
  hard	
  X-­‐rays	
  (3-­‐79	
  keV)	
  	
  (no	
  image:	
  ‘point	
  src’	
  for	
  NuSTAR)	
  

à	
  44Ti	
  lines	
  at	
  68,78	
  keV	
  
	
  
•  Flux:	
  
3.5	
  (±0.7)	
  10-­‐5	
  ph	
  cm-­‐2	
  s-­‐1	
  
à	
  1.5	
  10-­‐4	
  M¤	
  

•  Line	
  width	
  
à	
  ejecta	
  velocity	
  
	
  	
  	
  	
  	
  ~4000	
  km	
  s-­‐1	
  

•  Confirm	
  earlier	
  	
  
indica:ons	
  for	
  	
  
redshi~	
  of	
  	
  
new-­‐nuclei	
  ejecta	
  
	
  (~700	
  (±0.400)	
  km	
  s-­‐1)	
  
à	
  SN	
  asymmetry	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
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Inner	
  Ejecta	
  of	
  Cas	
  A	
  
–  44Ti	
  imaged	
  from	
  radioac:vity	
  
– Fe	
  imaged	
  by	
  X-­‐ray	
  
	
  recombina:on	
  lines	
  

– S[III]	
  imaged	
  from	
  thermal	
  	
  
deexcia:ons	
  at	
  907,953	
  nm	
  
	
  
	
  

Chandra	
  (Fe)	
  vs	
  NuSTAR	
  (44Ti)	
  

GrefensteMe	
  et	
  al.	
  2014	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  

IR	
  lines	
  (S[III])	
  
Milisavljevich	
  &	
  Fesen	
  2015	
  

Few	
  large	
  cavi:es	
  
blown	
  by	
  56Ni	
  
	
  
Not	
  all	
  ejecta	
  
shocked	
  yet	
  	
  

Roland	
  Diehl	
  



SPI	
  Re-­‐Analysis	
  of	
  Cas	
  A	
  for	
  44Ti	
  
– Using	
  cumula:ve	
  data	
  from	
  >12	
  years,	
  
and	
  a	
  new	
  instrumental-­‐background	
  treatment	
  

– Find	
  78	
  keV	
  and	
  1157	
  keV	
  line	
  emission	
  

–  Doppler	
  broadening:	
  4300±1600	
  /	
  2200±1600	
  km	
  s-­‐1	
  (78,	
  1157	
  keV)	
  	
  

Siegert	
  et	
  al.	
  (A&A	
  2015)	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
  



44Ti	
  from	
  Cas	
  A	
  
•  Consolidated	
  Mass	
  Determina:on:	
  

– Different	
  instruments	
  &	
  lines	
  combined	
  

	
  
–  44Ti	
  mass	
  =	
  (1.37	
  ±	
  0.19)	
  10-­‐4	
  M¤ (all	
  measurements)	
  
–  44Ti	
  mass	
  =	
  (1.29	
  ±	
  0.15)	
  10-­‐4	
  M¤ (78	
  keV	
  line	
  only)	
  
–  44Ti	
  mass	
  =	
  (2.72	
  ±	
  0.43)	
  10-­‐4	
  M¤ (1.157	
  MeV	
  line	
  only)	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
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Stars,	
  Stellar	
  Groups,	
  
and	
  

Interstellar	
  Medium	
  &	
  Galac:c	
  Structure	
  Aspects	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
  



Radioac:vi:es	
  from	
  massive	
  stars:	
  60Fe,	
  26Al	
  
•  Produc:on-­‐	
  

Site	
  Detail	
  
(adapted	
  from	
  	
  Heger)	
  

–  HydrostaUc	
  fusion	
  
–  WR	
  wind	
  release	
  
–  Explosive	
  fusion	
  
–  Explosive	
  release	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
  



Inner Galaxy 

Cygnus 

Orion 

Vela 

Sco-Cen 

26Al	
  in	
  our	
  Galaxy:	
  γ-­‐ray	
  Image	
  and	
  Spectrum	
  

Massive-­‐Star	
  Nucleosynthesis	
  	
  
in	
  the	
  Current	
  Galaxy:	
  

Current	
  Enrichment	
  (~My)	
  from	
  	
  26Al	
  γ-­‐rays	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
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Hα 

Understanding	
  the	
  Eridanus	
  Superbubble	
  
•  X-­‐ray	
  Emission,	
  size,	
  26Al	
  

	
  
– Temporal	
  X-­‐ray	
  brightenings	
  	
  
a~er	
  SN	
  energy	
  injec:ons	
  

– spa:al	
  oscilla:ons	
  

ROSAT 
0.5-2 keV 

ROSAT 
0.1-0.4 keV 

Krause et al. 2014 

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  
Krause,	
  RD,	
  et	
  al.	
  2015	
  

Roland	
  Diehl	
  



Views	
  of	
  Objects	
  in	
  our	
  Galaxy:	
  26Al	
  γ-­‐rays	
  
•  Large-­‐scale	
  Galac:c	
  rota:on	
  

Kretschmer	
  et	
  al.,	
  A&A	
  (2013)	
  
Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
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Superbubbles	
  and	
  HI	
  Holes	
  
•  26Al	
  Ejecta	
  Streaming	
  into	
  HI	
  Holes	
  Between	
  Arms	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  

HI	
  Holes	
  (Bagetakos+2011	
  

Roland	
  Diehl	
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The	
  Sources	
  of	
  Positrons	
  throughout	
  the	
  Galaxy	
  
•  Pion	
  Produc:on	
  

–  Sources: 	
   	
  Cosmic	
  Rays	
  &	
  ISM	
  
–  Positron	
  Energies:	
   	
  <E>~30	
  MeV	
  

•  Pairs	
  from	
  Hot	
  Plasma	
  
–  Sources:	
   	
   	
  	
  Accre:ng	
  Binaries	
   	
   	
  	
  
–  Positron	
  Energies:	
   	
  ~MeV	
  	
  

T>100	
  keV	
  (Ethr=1.02	
  MeV)	
  

•  Pairs	
  from	
  Strong	
  Magne:c	
  Fields	
  	
  
–  Sources: 	
   	
  Pulsars,	
  Magnetars	
  
–  Positron	
  Energies: 	
  ~MeV…GeV	
  	
  	
  

(Ethr=1.02	
  MeV)	
  (B>1012G)	
  

•  Radioac:ve	
  Nuclei	
  
–  Sources: 	
   	
  Supernovae,	
  Novae,	
  

	
   	
   	
  Cosmic	
  Rays	
  &	
  ISM	
  
–  Positron	
  Energies: 	
  ~MeV	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
  



Insights	
  from	
  spectral	
  details?	
  	
  

– Derive/discriminate	
  spectra	
  	
  
from	
  different	
  regions	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  

Bulge	
  

Disk	
  

Siegert	
  et	
  al.,	
  submiMed	
  (2015)	
  

INTEGRAL/SPI	
  
Siegert	
  et	
  al.,	
  in	
  prep	
  (2015)	
  

GC	
  

Roland	
  Diehl	
  



Microquasars	
  as	
  Sources	
  of	
  Positrons	
  
•  Pairs	
  from	
  hot	
  plasma	
  in	
  accre:ng	
  BH	
  binaries 	
  	
  

–  Pair	
  crea:on	
  near	
  compact	
  central	
  γ-­‐ray	
  source	
  
•  T>100	
  keV	
  (Ethr=1.02	
  MeV),	
  τ~3…5	
  

–  Positron	
  energies:	
  	
  ~MeV	
  	
  
–  Total	
  luminosity:	
  	
  

•  June	
  2015	
  flaring	
  average	
  annihila:on	
  flux:	
  
~5.4	
  10-­‐3	
  ph	
  cm-­‐2	
  s-­‐1	
  

•  @2.4	
  kpc	
  à	
  3.7	
  1042	
  e+	
  s-­‐1	
  

–  Annihila:on	
  frac:on	
  uncertain	
  
•  If	
  50%	
  e+	
  escape	
  à	
  ~10	
  such	
  sources	
  required	
  for	
  	
  

Galac:c	
  ~2..3	
  1043	
  e+	
  s-­‐1	
  

–  Duty	
  cycle	
  uncertain	
  
•  ~tens	
  of	
  y	
  between	
  flaring	
  periods,	
  flaring	
  for	
  ~weeks	
  
•  duty	
  cycle	
  ~10-­‐3?	
  

–  total	
  popula:on	
  of	
  accre:ng	
  BH	
  binaries:	
  
•  need	
  ~103..4	
  accre:ng	
  BH	
  binaries	
  	
  

(e.g.	
  Sadowski+2008,	
  	
  van	
  Haa~en+2015)	
  
•  propaga:on	
  smoothes	
  out	
  source	
  distribu:on	
  
•  disk	
  dominated,	
  or	
  centrally	
  enhanced	
  in	
  Galaxy?	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  

Siegert	
  et	
  al.	
  2015	
  INTEGRAL/SPI	
  

Roland	
  Diehl	
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Broader	
  connec:ons…	
  
	
  	
  

Colloquium,	
  IPMU	
  Tokyo	
  (J),	
  01	
  Jun	
  2016	
  Roland	
  Diehl	
  



Understanding	
  the	
  511	
  keV	
  Line	
  Emission	
  
Aber	
  12	
  y	
  of	
  measurements	
  and	
  various	
  different	
  analyses	
  

•  Knödlseder+	
  2005,	
  Jean+	
  2005,	
  Weidenspointner+	
  2008,	
  Churazov+	
  2011,	
  Bouchet+	
  2011,	
  Skinner	
  et	
  al.	
  2013,	
  2015a,b	
  
– Surprisingly-­‐bright	
  extended	
  “bulge-­‐like”	
  emission	
  

•  None	
  of	
  the	
  plausible	
  candidate	
  sources	
  would	
  produce	
  this	
  
•  The	
  centroid	
  appears	
  offset	
  by	
  ~1	
  deg	
  towards	
  4th	
  quadrant	
  
•  Sgr	
  A*(?)	
  appears	
  to	
  contribute	
  ‘point-­‐like’	
  emission,	
  
	
  	
  but	
  cannot	
  explain	
  the	
  extended	
  bulge	
  

•  The	
  disk	
  (now)	
  appears	
  quite	
  extended	
  à	
  e+	
  ou�lows?	
  	
  	
  	
  
	
  	
  (Pulsars,	
  microquasars	
  (!),	
  SNe,	
  …,	
  with	
  bulge	
  enhancement?)	
  

•  Dark	
  mazer	
  contribu:ons	
  are	
  unlikely/small	
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Gravita:onal-­‐Wave	
  Counterparts	
  
•  SPI	
  ACS	
  is	
  the	
  largest	
  gamma	
  ray	
  detector	
  in	
  space	
  

•  Example:	
  	
  
GW150904	
  	
  

•  Note:	
  	
  
Fermi-­‐GBM	
  	
  alert	
  
of	
  a	
  gamma-­‐ray	
  signal	
  
is	
  controversial	
  

»  Greiner	
  et	
  al.	
  2016	
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