
	
  New	
  Insights	
  from	
  Cosmic	
  Gamma-­‐Rays	
  

	
  
Supernovae,	
  Massive	
  Stars,	
  &	
  ISM	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  	
  

Roland	
  Diehl	
  (MPE	
  Garching,	
  Germany)	
  
	
  
with	
  
Mar:n	
  Krause,	
  Karsten	
  Kretschmer,	
  	
  
Thomas	
  Siegert,	
  Jochen	
  Greiner,	
  Xiaoling	
  Zhang	
  (MPE)	
  
and	
  	
  many	
  others	
  at	
  other	
  ins:tu:ons	
  	
  



–  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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Radioac:vity	
  Gamma-­‐Ray	
  Lines	
  and	
  their	
  Messages	
  
•  	
  Radioac:ve	
  Trace	
  Isotopes	
  are	
  Nucleosynthesis	
  By-­‐Products	
  
•  	
  For	
  Gamma-­‐ray	
  Spectroscopy	
  We	
  Need:	
  

•  Decay	
  Time	
  >	
  Source	
  Dilu:on	
  Time	
  
•  Yields	
  >	
  Instrumental	
  Sensi:vi:es	
  

individual 
object/event 

cumulative 
from many 
events 
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Cosmic	
  Radioac:vi:es:	
  à	
  Produc:on	
  and	
  Re-­‐Cycling	
  of	
  Nuclei	
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Nuclear	
  Gamma-­‐Ray	
  Line	
  Telescopes	
  /	
  Missions	
  
– Compton	
  Gamma-­‐Ray	
  Observatory	
  

1991-­‐2000	
  	
  	
  
NASA	
  

–  INTEGRAL	
  Observatory	
  
2002-­‐(2018+)	
  
ESA	
  

–  Earlier	
  	
  
Balloone-­‐Borne	
  	
  
Experiments	
  

–  HEAO-­‐C	
  
1978	
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Nuclear	
  Gamma-­‐Ray	
  Line	
  Telescopes	
  /	
  Missions	
  
– Compton	
  Gamma-­‐Ray	
  Observatory	
  

1991-­‐2000	
  	
  	
  
NASA	
  

–  INTEGRAL	
  Observatory	
  
2002-­‐(2014+)	
  
ESA	
  

–  Earlier	
  	
  
Balloone-­‐Borne	
  	
  
Experiments	
  

–  HEAO-­‐C	
  
1978	
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Astronomical	
  Gamma-­‐Ray	
  Telescopes:	
  
Interac:on	
  of	
  High-­‐Energy	
  Photons	
  with	
  Maher	
  

Photon interaction with matter (Pb) 

-> Secondary Particles     …   à  e.m. cascade 

Seconday photons / electrons 
à multi-element & tracking  
    detector assemblies 
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Compton	
  Telescopes	
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Measure Compton Scattering: 
     

   2 Detectors in Coincidence 
 
   Compton scatter à e- 
   Scattered photon energy 
   Scattering geometry 

modern	
  version	
  
(‘GRIPS’	
  et	
  al.)	
  

Greiner+2013	
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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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Energy	
  Spectra:	
  Characteris:c	
  Examples	
  

15269 * 19 spectra 
orbits 28-358, ~1000d 

1 detector, 
1 pointing 
(to be fitted!) 

– How	
  are	
  those	
  data	
  
analyzed?	
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Coded-­‐Mask	
  Telescope	
  	
  
à  Change	
  aspect	
  of	
  src	
  

	
  	
  every	
  ~30	
  min	
  
à  Detect	
  shadowgram	
  of	
  

source	
  counts	
  in	
  	
  
set	
  of	
  spectra	
  

	
  

Energy	
  Range	
  	
  
15-­‐8000	
  keV	
  

Energy	
  Resolu:on	
  	
  
~2.2	
  keV	
  @	
  662	
  keV	
  

Spa:al	
  Precision	
  	
  
2.6o	
  /	
  ~2	
  arcmin	
  

Field-­‐of-­‐View	
  16x16o	
  

INTEGRAL	
  Cosmic	
  Photon	
  Measurements:	
  The	
  SPI	
  Ge	
  γ-­‐Spectrometer	
  

Coded	
  Mask	
  Telescope:	
  
Cas:ng	
  a	
  Shadow	
  

k=energy,	
  detector,	
  >me	
  	
  	
  	
  	
  	
  
à	
  analyze	
  typically	
  ~105	
  spectra	
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SN2014J	
  
•  In	
  M82	
  	
  

(Starburst	
  Galaxy)	
  
•  Discovered	
  22	
  Jan	
  2014	
  	
  
	
  	
  Cao	
  et	
  al.	
  ATel	
  #	
  5786	
  

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

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

Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



SN2014J	
  
•  	
  SN2014J	
  appears	
  to	
  be	
  “normal”	
  	
  

SN2014J 
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What	
  is	
  a	
  Supernova?	
  
– Release	
  of	
  Nuclear	
  Binding	
  Energy	
  

–  56Fe:	
  8.8	
  MeV/nucl;	
  (13α+4n):	
  6.6	
  MeV/nucl	
  	
  
»  2.2	
  MeV/nucl,	
  	
  	
  	
  	
  	
  =	
  1	
  1018	
  erg/g	
  	
  	
  	
  	
  	
  >	
  1051	
  erg/M¤	
  

– Explosiveness	
  of	
  Stellar	
  Maher:	
  
–  Implosion	
  of	
  iron-­‐group	
  composi:on	
  à	
  explosive	
  light	
  nuclei	
  à	
  SNII	
  
–  Light	
  nuclei	
  under	
  degenerate	
  condi:ons	
  à	
  SNI	
  	
  	
  à	
  C,O	
  White	
  Dwarf!	
  

»  	
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Understanding	
  SNIa:	
  Main	
  Issues	
  

	
  
•  Progenitor	
  diversity?	
   igni:on?	
  

outliers?	
  

flame	
  
propaga:on?	
  

Li+2011; volume-limited 

Close/interac:ng	
  	
  
Binary	
  System	
  

White	
  Dwarf	
  	
  
Merge	
  

Binary	
  
Mass	
  Transfer	
  

Nuclear	
  Burning	
  
during	
  accre:on	
  

He	
  Shell	
  
	
  Flash	
  

WD	
  
at	
  	
  
MCh	
  

Central	
  
C	
  Igni:on	
  

SN	
  Ia	
  

C/O/H/He	
  	
  
Surface	
  

WD	
   WD	
  

Giant	
  WD	
  

1	
   2	
  

He	
  
Accre:on	
  
Layer/Belt	
  

WD	
  

DD	
   SD	
  

Nuclear	
  Burning	
  
during	
  collision	
  

	
  
F Progenitor	
  diversity?	
  

¶ Consensus:	
  	
  
Explosion	
  of	
  a	
  CO	
  WD	
  (C	
  fusion)	
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SNIa	
  Light:	
  Radioac:vity	
  Gamma-­‐Rays	
  Make	
  Op:cal	
  Emission	
  

•  56Ni	
  decay	
  gamma-­‐rays	
  and	
  e+	
  are	
  ini:ally	
  fully	
  absorbed	
  (à	
  light),	
  	
  
and	
  leak	
  out	
  later	
  

op:cal:	
  
+/-­‐20	
  days	
  

γ-­‐rays:	
  
~50…100	
  days	
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SNIa	
  Flame	
  Simula:ons	
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Gamezo	
  et	
  al.	
  2003	
  

Khokhlov	
  et	
  al.	
  2012	
  

3D	
  High-­‐resolu<on	
  
of	
  flame,	
  
"reac<ve	
  flow"	
  sim	
  

t=1.9	
  sec	
  

t=1.76	
  sec	
  

T=
0…

4	
  
G
K	
  

3D	
  Hydro	
  sim	
  
w	
  subgrid	
  approx	
  
for	
  flame	
  dimensions	
  

à	
  plume-­‐like	
  &	
  far-­‐reaching	
  flame	
  surface	
  	
  



SN	
  type	
  Ia:	
  How	
  the	
  Flame	
  Proceeds	
  

– Physical	
  Processes:	
  
•  Nuclear	
  energy	
  release,	
  electron	
  heat	
  conduc:on	
  
•  Rayleight-­‐Taylor	
  instabili:es	
  wrinkle	
  burning	
  front	
  
•  Magne:c	
  fields	
  may	
  quench	
  turbulence	
  

– Open	
  Issues	
  
•  Large	
  scale	
  plumes?	
  
•  Mixing	
  throughout	
  the	
  White	
  Dwarf	
  star?	
  
•  Precondi:oned	
  WD	
  structure?	
  

Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



SNIa	
  Nucleosynthesis	
  
•  Major	
  amounts	
  of	
  56Ni	
  

•  Inferrred	
  
	
  	
  from	
  SN	
  light	
  
	
  	
  indirectly	
  

–  Assump>on:	
  	
  
~	
  spherical	
  SN	
  with	
  
	
  56Ni	
  in	
  central	
  region	
  

Stritzinger et al. 2006 

Scalzo et al. 2014 
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»  Clayton,	
  Colgate,	
  &	
  Fishman	
  1969	
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Gamma-­‐Ray	
  Lines	
  from	
  SN	
  Ia	
  



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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The	
  Challenge	
  of	
  Finding	
  SN2014J	
  Gamma-­‐Rays	
  
–  Current	
  Gamma-­‐Ray	
  Telescopes	
  Have	
  Large	
  Intrinsic	
  Background	
  

•  Cosmic	
  Ray	
  Ac:va:on	
  of	
  Spacecra}	
  and	
  Instrument	
  

expected signal from SN2014J 

typical background intensity 

from Churazov et al., 2014 
Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



SN2014J	
  Data	
  Analysis	
  
–  Background	
  modeling	
  from	
  detailed	
  mission	
  data	
  spectroscopy	
  
à	
  exploit	
  physics	
  of	
  lines	
  à	
  consistent	
  high-­‐resolu:on	
  model	
  

•  Integrate	
  data	
  over	
  3	
  days	
  
•  Fit	
  spectra	
  in	
  detail	
  (con:nuum,	
  lines,	
  steps…)	
  
•  Fix	
  spectral-­‐shape	
  and	
  detector	
  ra:o	
  parameters	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (ßphysics!)	
  
•  Normalize	
  the	
  spectral-­‐feature	
  template	
  per	
  poin:ng,	
  	
  
	
  	
  and	
  apply	
  individual-­‐detector	
  responses	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (degrada>on	
  &	
  annealing!)	
  

One	
  3-­‐day	
  orbit,	
  one	
  detector	
   One	
  1/2h	
  poin:ng,	
  one	
  detector	
  

T Siegert, thesis TUM (2013) 
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SN2014J	
  Data	
  Analysis	
  
–  Background	
  modeling	
  from	
  detailed	
  mission	
  data	
  spectroscopy	
  
à	
  exploit	
  physics	
  of	
  lines	
  à	
  consistent	
  high-­‐resolu:on	
  model	
  

•  Integrate	
  data	
  over	
  3	
  days	
  
•  Fit	
  spectra	
  in	
  detail	
  (con:nuum,	
  lines,	
  steps…)	
  
•  Fix	
  spectral-­‐shape	
  and	
  detector	
  ra:o	
  parameters	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (ßphysics!)	
  
•  Normalize	
  the	
  spectral-­‐feature	
  template	
  per	
  poin:ng,	
  	
  
	
  	
  and	
  apply	
  individual-­‐detector	
  responses	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (degrada>on	
  &	
  annealing!)	
  

One	
  3-­‐day	
  orbit,	
  one	
  detector	
   One	
  1/2h	
  poin:ng,	
  one	
  detector	
  

T Siegert, thesis TUM (2013) 

Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



SN2014J:	
  Early	
  56Ni	
  
•  Spectra	
  from	
  the	
  SN	
  posi:on	
  

–  Clear	
  detec:ons	
  of	
  the	
  two	
  strongest	
  lines	
  expected	
  from	
  56Ni	
  
with	
  the	
  INTEGRAL	
  Spectrometer	
  ‘SPI’	
  

–  Intensi:es:	
  
	
   	
  	
  (1.14	
  ±0.43)	
  10-­‐4	
  ph	
  cm-­‐2	
  s-­‐1	
  (158	
  keV	
  line)	
  	
  
and 	
  	
  (1.91	
  ±0.67)	
  10-­‐4	
  ph	
  cm-­‐2	
  s-­‐1	
  (812	
  keV	
  line)	
  

–  56Ni	
  mass	
  es:mate	
  (backscaled	
  to	
  explosion):	
  ~0.06	
  M¤	
  	
  

3.9 σ 3.1 σ 
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  Diehl	
  

158	
  keV	
   812	
  keV	
  



Line	
  Uncertain:es:	
  Search	
  and	
  method	
  biases	
  
•  Random	
  Search:	
  Try	
  to	
  Fit	
  a	
  Line	
  

(Centroid,Intensity,	
  Width)	
  

158	
  keV	
  

¶ Depending	
  on	
  resolu:on	
  	
  
of	
  the	
  analysis	
  method,	
  	
  
and	
  on	
  fi�ng	
  approach,	
  	
  
results	
  may	
  differ	
  

F Narrow	
  line,	
  ~unshi}ed	
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Line	
  Uncertain:es:	
  Search	
  and	
  method	
  biases	
  
•  Random	
  Search:	
  Try	
  to	
  Fit	
  a	
  Line	
  

(Centroid,Intensity,	
  Width)	
  

158	
  keV	
  

¶ Depending	
  on	
  resolu:on	
  	
  
of	
  the	
  analysis	
  method,	
  	
  
and	
  on	
  fi�ng	
  approach,	
  	
  
results	
  may	
  differ	
  

F Narrow	
  line,	
  ~unshi}ed	
  
?	
  or	
  ?	
  
F Broad	
  &	
  redshi}ed	
  line	
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SN2014J:	
  Early	
  56Ni-­‐decay	
  
•  Spectral	
  evolu:on:	
  

158	
  keV	
   812	
  keV	
  

su
cc

es
si

ve
 3

-d
ay

 o
rb

its
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SN2014J:	
  An	
  unusual	
  explosion?	
  
•  	
  	
  

con:nuum	
  
near	
  812	
  keV	
  

Simulating how an exploding belt of 
accreted He would be observed in 
gamma-rays: 
Polar viewing   à unshifted lines 
Equatorial viewing à blue shift 

W7 model 

He belt model 

polar view 
equatorial view 

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

Markus Kromer 
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56Ni	
  Radioac:vity	
  Decay	
  Chain	
  and	
  Gamma-­‐Rays	
  

•  	
  	
  

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   

γ-­‐rays:	
  
~50…100	
  days	
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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	
  
– Detec:on	
  of	
  847	
  and	
  1238	
  keV	
  lines	
  from	
  56Co	
  decay	
  

– Significantly	
  Doppler-­‐broadened	
  
•  Diehl	
  et	
  al.,	
  A&A	
  (2015),	
  days	
  17-­‐134	
  
•  ~	
  as	
  reported	
  by	
  Churazov	
  et	
  al.	
  2014	
  

847 keV 1238 keV 
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•  INTEGRAL	
  Obs	
  from	
  31	
  Jan	
  :ll	
  26	
  Jun	
  2014	
  

Longterm	
  Data:	
  Broad	
  Lines	
  from	
  56Co!	
  

847 keV 

MPE INTEGRAL Team 
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  
–  The	
  847	
  keV	
  line	
  from	
  56Co	
  decay	
  

•  Different	
  spectral	
  binning	
  

à	
  Structured	
  spectrum	
  –	
  all	
  from	
  the	
  broadened	
  847	
  keV	
  line?	
  
•  Diehl	
  et	
  al.	
  2015	
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  
–  The	
  847	
  keV	
  line	
  from	
  56Co	
  decay	
  
– Different	
  spectral	
  binning	
  

à	
  Structured	
  spectrum	
  –	
  all	
  from	
  the	
  broadened	
  847	
  keV	
  line?	
  
•  Diehl	
  et	
  al.	
  2015	
  

Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  
–  The	
  56Co	
  decay	
  lines	
  
– Different	
  spectral	
  binning	
  
– Different	
  epochs	
  

	
  
	
  
	
  
–  Structured	
  and	
  evolving	
  
spectrum	
  
	
  –	
  all	
  from	
  broadened	
  
	
  56Co	
  decay	
  lines?	
  

•  Diehl	
  et	
  al.,	
  A&A	
  (2015)	
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Time	
  history	
  of	
  56Co	
  line	
  emergence	
  
– At	
  high	
  spectral	
  resolu:on,	
  the	
  
appearance	
  of	
  the	
  Co	
  lines	
  shows	
  
up	
  more	
  irregular	
  than	
  a	
  1D	
  model	
  
would	
  suggest	
  

– The	
  line	
  as	
  seen	
  in	
  the	
  transparent	
  
phase	
  is	
  in	
  (mild)	
  contradic:on	
  
with	
  the	
  emission	
  at	
  earlier	
  (semi-­‐
transparent)	
  epochs	
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SN2014J	
  data	
  Jan	
  –	
  Jun	
  2014:	
  56Co	
  lines	
  
– Brightness	
  evolu:on	
  
of	
  the	
  56Co	
  decay	
  lines	
  	
  	
  
à	
  	
  

– Consistent	
  brightness	
  
	
  evolu:on	
  of	
  both	
  lines	
  	
  

•  Ra:o	
  ~0.62	
  +/-­‐0.28	
  (0.68)	
  
– Plausible	
  kinema:cs	
  

	
  
– ~Consistent	
  with	
  	
  
many	
  plausible	
  models	
  

–  Choice	
  of	
  spectral	
  “line	
  emission”	
  
assignments	
  may	
  affect	
  details	
  

	
  

“847 keV” 

“1238 keV” 
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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	
  (fihed):	
  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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SNIa	
  Light:	
  Radioac:vity	
  Gamma-­‐Rays	
  Make	
  Op:cal	
  Emission	
  
à	
  SN2014J	
  in	
  mul:-­‐wavelength	
  data	
  	
  ✔	
  

op:cal	
   γ-­‐rays:	
  
~50…100	
  days	
  

56Ni	
   56Co	
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SN2014J:	
  a	
  unique	
  opportunity	
  
•  Mul:ple	
  observing	
  windows	
  
•  Proximity	
  à	
  Detailed	
  observa:onal	
  constraints	
  
à Understand	
  this	
  supernova	
  Ia	
  and	
  its	
  origin?	
  

– Anomalies	
  in	
  light	
  evolu:on	
  with	
  :me	
  
– Polariza:on	
  
– Search	
  for	
  companion	
  
– Search	
  for	
  progenitor	
  
– …	
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Supernovae	
  

•  Core	
  Collapse	
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Nucleosynthesis	
  in	
  CC-­‐Supernova	
  Models	
  

ν	
  
ν	
  ν	
  

ν	
  ν	
  
ν	
  ν	
   ν	
  

ν	
  ν	
  ν	
  ν	
  
ν	
   ν	
  
ν	
   ν	
  

ν	
  

ν	
  

Gravita<onal	
  
Core	
  Collapse	
  

Supernova	
  
Shock	
  Wave	
  

Shock	
  Region	
  
Explosive	
  Nucleosynthesis	
   Proto-­‐Neutron	
  Star	
  

Neutrino	
  Hea<ng	
  
of	
  Shock	
  Region	
  from	
  Inside	
  

Shell-­‐Structured	
  
Evolved	
  Massive	
  Star	
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Core-­‐Collapses:	
  Supernova	
  Explosions	
  (?)	
  
•  1D	
  Simula:ons	
  à	
  SNe	
  (EC)	
  	
  
from	
  ~8-­‐10	
  M¤	
  Stars	
  

•  2D	
  Simula:ons	
  à	
  SNe	
  across	
  
10-­‐25	
  M¤	
  Stars	
  by	
  x	
  Groups	
  

–  SASI,	
  n’s,	
  G	
  modes	
  à	
  3D-­‐effects	
  

•  3D	
  Simula:ons	
  à	
  ???	
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Nucleosynthesis	
  in	
  CC-­‐Supernova	
  Models	
  and	
  44Ti	
  

•  44Ti	
  Produced	
  at	
  r	
  <	
  103	
  km	
  from	
  α-­‐rich	
  Freeze-­‐Out	
  	
  
	
   	
  => Unique	
  Probe	
  	
  (+Ni	
  Isotopes)	
  

ν	
  
ν	
  ν	
  

ν	
  ν	
  
ν	
  ν	
   ν	
  

ν	
  ν	
  ν	
  ν	
  
ν	
   ν	
  
ν	
   ν	
  

ν	
  

ν	
  

Gravita<onal	
  
Core	
  Collapse	
  

Supernova	
  
Shock	
  Wave	
  

Shock	
  Region	
  
Explosive	
  Nucleosynthesis	
  

Proto-­‐Neutron	
  Star	
  
Neutrino	
  Hea<ng	
  

of	
  Shock	
  Region	
  from	
  Inside	
  

Shell-­‐Structured	
  
Evolved	
  Massive	
  Star	
  

Fryer+2008	
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Asymmetric	
  Supernova	
  Explosions	
  

•  Stellar	
  Rota:on	
  likely	
  incurs	
  asymmetries	
  at	
  SN	
  :me	
  
•  Nagataki	
  et	
  al.	
  1998;	
  Maeda	
  et	
  al.	
  2002;	
  Popov	
  et	
  al.	
  2014	
  

Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



Nucleosynthesis	
  around	
  44Ti	
  
–  44Ti	
  is	
  the	
  first	
  unstable	
  nucleus	
  on	
  the	
  "a	
  line"	
  

–  The	
  44Ca	
  Isotope	
  is	
  almost-­‐exclusively	
  from	
  44Ti	
  Decay	
  
•  some	
  minor	
  admixture	
  from	
  s-­‐process	
  of	
  40Ca	
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“For	
  each	
  region	
  only	
  certain	
  reac<ons	
  affect	
  the	
  yields	
  of	
  44Ti”	
  

NuGrid	
  collabora>on	
  (Magkotsios	
  et	
  al.,	
  ApJ	
  2011)	
  	
  

Nucleosynthesis in cc-SN Density/Temperature Regimes 

Final	
  
Mass	
  	
  
frac:on	
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Discovery	
  of	
  44Ti	
  in	
  Core	
  Collapse	
  Supernova	
  Cas	
  A	
  

A. Iyudin et al., A&A 1994; ESA-SP 382 1997 

•  1.157	
  MeV	
  44Ti	
  Line	
  Detec:on	
  (6σ)	
  by	
  COMPTEL	
  
	
  

	
  
•  Line	
  Flux	
  	
  	
  4.2	
  (±0.9)	
  10-­‐5	
  ph	
  cm-­‐2	
  s-­‐1	
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4+  
2+  

44Ti	
  

44Ca	
  

 e--capture 
             ( 99.3 % ) 

   γ    78.4 keV  ( 98.3 % ) 

τ =85y 

44Sc	
  

   γ  1.157 MeV (100%) 

τ = 5.4 hrs    γ    67.9 keV  ( 100 % ) 

0+ 

0- 

1- 

2+ 

( 0.7 % ) 

2+ 

0+ 

6+ 

   γ   1.150 MeV (1%) 

e- - capture (1.05%) 
β+  - decay ( 98.95%) 

Colloquium	
  OATS	
  Trieste	
  (I),	
  25	
  Feb	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Roland	
  Diehl	
  



44Ti	
  γ-­‐rays	
  from	
  Cas	
  A	
  

Ä  	
   44Ti	
  Ejected	
  Mass	
   	
  ~0.8-­‐2.5	
  10-­‐4	
  M¤	
  

44Ti	
  

44Ca	
  

 =85y,	
  EC	
  

44Sc	
  

 =	
  5.4	
  h,	
  +	
  
	
  

t=85y	
  (Ahmad	
  et	
  al.	
  2006)	
  

IBIS,	
  SPI	
  
Mar>n	
  et	
  al.'06	
  

IBIS	
  
Renaud	
  et	
  al.	
  '06	
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44Ti	
  γ-­‐rays	
  from	
  Cas	
  A	
  

Ä  	
   44Ti	
  Ejected	
  Mass	
   	
  ~1.23	
  ±0.25	
  10-­‐4	
  M¤	
  

44Ti	
  

44Ca	
  

τ =85y,	
  EC	
  

44Sc	
  

 =	
  5.4	
  h,	
  +	
  
	
  

t=85y	
  (Ahmad	
  et	
  al.	
  2006)	
  

	
  	
  	
  	
  NuSTAR	
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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.	
  (2015;	
  submibed)	
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44Ti	
  from	
  Cas	
  A	
  
•  Consistency	
  checks:	
  

– Different	
  instruments	
  /	
  detector	
  systema:cs?	
  

–  44Ti	
  mass	
  =	
  (1.37	
  ±	
  0.19)	
  10-­‐4	
  M¤	
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Siegert	
  et	
  al.	
  (2015;	
  submibed)	
  



44Ti	
  from	
  Cas	
  A	
  
•  Consistency	
  checks:	
  

– Decay	
  :me;	
  44Sc/44Ca	
  systema:cs?	
  

– Contribu:on	
  from	
  LECRs	
  and	
  nuclear	
  de-­‐excita:on?	
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Siegert	
  et	
  al.	
  (2015;	
  submibed)	
  



Are	
  Core	
  Collapse	
  Supernovae	
  44Ti	
  Sources?	
   
¶  Cas A is the ONLY Source Seen in our Galaxy 
¶  Sky Regions with Most Massive Stars (inner Galaxy) are 44Ti Source-Free  
¶  We expect to see > a few of such sources! 

 

 

expectation 

-­‐100	
   0	
   100	
   Longitude	
  [o]	
  

La
:t
ud

e	
  
[o
]	
  

COMPTEL (Iyudin+’99) 

The	
  et	
  al.	
  2006	
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“Abnormal”	
  Core	
  Collapse	
  Supernovae	
  as	
  44Ca	
  (=44Ti)	
  Sources?	
  

ð  Only	
  Non-­‐Spherical	
  Models	
  Seem	
  to	
  Reproduce	
  Observed	
  56Ni/44Ti	
  Ra:os	
  
ð  The	
  et	
  al.	
  2006	
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NuSTAR	
  and	
  44Ti	
  
–  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)	
  
Grefenstebe	
  et	
  al.	
  2014	
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Inner	
  Unshocked	
  Ejecta	
  of	
  Cas	
  A	
  in	
  IR	
  
– S[III]	
  imaged	
  from	
  	
  
thermal	
  deexcia:ons	
  	
  
at	
  907,953	
  nm	
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IR	
  lines	
  (S[III])	
  
Milisavljevich	
  &	
  Fesen	
  2015	
  

Few,	
  large	
  cavi:es	
  
blown	
  by	
  56Ni	
  
	
  



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)	
  

Grefenstebe	
  et	
  al.	
  2014	
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IR	
  lines	
  (S[III])	
  
Milisavljevich	
  &	
  Fesen	
  2015	
  

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



SN	
  Type	
  Ia	
  as	
  Sources	
  of	
  44Ti?	
  
•  Images	
  vs.	
  Energy:	
  

–  INTEGRAL/IBIS,	
  Wang	
  &	
  Li	
  2014	
  	
  à	
  ~1.5	
  10-­‐5	
  ph	
  cm-­‐2	
  s-­‐1	
  	
  

–  SWIFT/BAT,	
  Troja	
  et	
  al.	
  2014	
  à	
  ~1.4	
  10-­‐5	
  ph	
  cm-­‐2	
  s-­‐1	
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à	
  2-­‐3	
  σ	
  effects	
  



Inner	
  Ejecta	
  Shaping	
  by	
  56Ni	
  Decay	
  
–  56Ni	
  energy	
  input	
  compressed	
  non-­‐radioac:ve	
  materials	
  
– Forma:on	
  of	
  bubbles	
  around	
  56Ni-­‐rich	
  ejecta	
  
– Cas	
  A:	
  Only	
  very	
  few	
  bubbles	
  à	
  56Ni	
  in	
  few	
  major	
  clumps	
  

– Could	
  this	
  also	
  shape	
  SNIa	
  explosions	
  (SN2014J)??	
  
»  few	
  major	
  ejecta	
  clumps?	
  à	
  dis:nguished	
  gamma-­‐ray	
  line	
  features?	
  	
  

	
  
	
  

IR	
  lines	
  (S[III])	
  
Milisavljevich	
  &	
  Fesen	
  2015	
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26Al	
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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	
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Radioac:vi:es	
  from	
  massive	
  stars:	
  60Fe,	
  26Al	
  
•  Produc:on-­‐	
  

Site	
  Detail	
  
(adapted	
  from	
  	
  Heger)	
  

–  Hydrosta>c	
  fusion	
  
–  WR	
  wind	
  release	
  
–  Explosive	
  fusion	
  
–  Explosive	
  release	
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Massive-­‐Star	
  Groups	
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Voss	
  R.,	
  et	
  al.,	
  2009	
  

•  We	
  study	
  the	
  “outputs”	
  	
  
of	
  massive	
  stars	
  and	
  their	
  
supernovae	
  
– Winds	
  and	
  Explosions	
  
–  Nucleosynthesis	
  Ejecta	
  
–  Ionizing	
  Radia:on	
  

•  We	
  get	
  observa:onal	
  constraints	
  from	
  
–  Star	
  Counts	
  
–  ISM	
  Cavi:es	
  
–  Free-­‐Electron	
  Emission	
  
–  Radioac:ve	
  Ejecta	
  

Ekin	
  

Ejecta	
  (26Al)	
  

Ejecta	
  (60Fe)	
  

ionizing	
  
light	
  

à	
  :me	
  (My)	
  



Examples	
  of	
  Nearby	
  Massive-­‐Star	
  Groups	
  
•  	
  Opportuni:es	
  to	
  test	
  our	
  
model	
  for	
  consistency	
  

•  26Al	
  ejecta,	
  stars,	
  shells/bubbles	
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Planck	
  Mission	
  
Image	
  

CO	
  1à0	
  Radio	
  Map	
  

Hipparcos 
deZweeuw+’99 



Orion:	
  Nucleosynthesis	
  Ejecta	
  and	
  	
  
Dynamics	
  of	
  Interstellar	
  Medium	
  

•  ISM	
  is	
  Highly-­‐Dynamic	
  à	
  Ejecta	
  in	
  (Super-­‐)Bubbles	
  
–  Study	
  Specific	
  Regions	
  in	
  Detail	
  (Cygnus,	
  Orion,	
  Scorpius-­‐Centaurus,	
  Carina)	
  

	
  
	
  
	
  
	
  
	
  
	
  

»  	
   	
   	
   	
   	
  Fierlinger,	
  Burkert,	
  Krause,	
  Bolte,	
  Diehl	
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Views	
  of	
  Objects	
  in	
  our	
  Galaxy:	
  26Al	
  γ-­‐rays	
  
•  Large-­‐scale	
  Galac:c	
  rota:on	
  

Kretschmer	
  et	
  al.,	
  A&A	
  (2013)	
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The	
  Galac:c	
  View:	
  longitude-­‐velocity	
  diagrams	
  
•  	
  excess	
  velocity	
  seen	
  for	
  massive-­‐star	
  ejecta!	
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How	
  Massive-­‐Star	
  Feedback	
  Occurs…	
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The	
  Cycle	
  of	
  Gas	
  in	
  a	
  Galaxy	
  
•  How	
  the	
  Galaxy’s	
  Disk	
  and	
  Halo	
  
“communicate”	
  
– Chimneys	
  around	
  massive-­‐star	
  
groups	
  eject	
  gas	
  into	
  halo	
  

– Constancy	
  of	
  Star	
  Forma:on	
  Rate	
  
over	
  
Galaxy-­‐Evolu:on	
  Times	
  (Deple:on	
  would	
  be	
  
Fast)	
  

Marasco, Fraternai, & Binney 2011; Fraternali et al. 2013 

Renaud et al. 2014 
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26Al	
  

??	
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Measuring	
  Galac:c	
  Positron	
  Annihila:on	
  with	
  SPI	
  

–  Annihila:on	
  g-­‐rays	
  are	
  
dominated	
  by	
  a	
  Bright	
  
Inner-­‐Galaxy	
  Component	
  

–  The	
  26Al	
  e+	
  Produced	
  in	
  the	
  
Disk	
  (82%)	
  are	
  a	
  Minor	
  
Contribu:on	
  

–  Annihila:on	
  g-­‐ray	
  Emission	
  
Presents	
  a	
  Puzzle:	
  

•  e+	
  Sources	
  ?	
  
•  Propaga:on	
  !!	
  
•  Annihila:on	
  

Knödlseder+	
  2005	
  

Weidenspointner+	
  2008	
  

Bouchet+	
  2010	
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Understanding	
  the	
  511	
  keV	
  Line	
  Emission	
  
Amer	
  10	
  y	
  of	
  measurements	
  and	
  various	
  different	
  analyses	
  

•  Knödlseder+	
  2005,	
  Jean+	
  2005,	
  Weidenspointner+	
  2008,	
  Churazov+	
  2011,	
  Bouchet+	
  2011,	
  Skinner	
  et	
  al.	
  2013	
  
– 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	
  

•  Dark	
  maher	
  annihila:on	
  matches	
  observed	
  “bulge”	
  emission	
  	
  	
  	
  
	
  	
  (but	
  why???	
  There	
  are	
  pulsars,	
  microquasars,	
  SNe,	
  …)	
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Cosmic	
  Radioac:vi:es	
  	
  Summary	
  
–  Radioac:vity	
  γ-­‐rays	
  provide	
  a	
  unique	
  /	
  different	
  view	
  

•  Yield	
  constraints	
  for	
  SNe	
  and	
  Novae,	
  	
  Independent	
  	
  
	
  	
  of	
  complexity	
  from	
  unfolding	
  of	
  the	
  explosion	
  	
  

•  Radioac:vity	
  traces	
  diluted	
  ejecta	
  at	
  late	
  phases	
  
–  SNIa	
  56Ni	
  and	
  how	
  the	
  explosion	
  occurs	
  

•  SN2014J	
  reveals	
  its	
  56Ni	
  irregularly	
  à	
  Luck	
  happens.	
  	
  

–  ccSupernova	
  44Ti	
  is	
  Sensi:ve	
  to	
  Asymmetries	
  
•  Only	
  Some	
  SN	
  Eject	
  44Ti,	
  but	
  then	
  much,	
  and	
  clumpy	
  

–  Massive-­‐star	
  shell	
  structure	
  &	
  evolu:on	
  tests:	
  26Al,	
  60Fe	
  
•  26Al	
  as	
  a	
  tool;	
  next:	
  test	
  groups	
  of	
  specific	
  ages…	
  
•  How	
  much	
  60Fe	
  from	
  n	
  captures	
  in	
  C	
  and	
  He	
  shells?	
  

–  ISM	
  dynamics	
  around	
  massive-­‐star	
  regions:	
  new	
  tools	
  
•  26Al	
  spreading	
  and	
  kinema:cs;	
  e+	
  transport	
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