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Nuclear	
  Astrophysics:	
  Physics	
  and	
  Astronomy	
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Nuclear	
  Astrophysics:	
  History	
  &	
  Status	
  
•  Understanding	
  cosmic	
  /	
  
astrophysical	
  objects:	
  	
  
	
   	
  …>50	
  years	
  of	
  research…	
  

à	
  Current	
  status:	
  
– Basic	
  "processes"	
  defined	
  &	
  
confirmed	
  

– Basic	
  role	
  of	
  nuclear	
  physics	
  and	
  
nuclear	
  reac.ons	
  incorporated	
  

– Research	
  focus	
  driWed	
  to	
  other	
  
astrophysical	
  ques.ons	
  

•  cosmology,	
  black	
  holes,	
  galaxies,	
  	
  
dark	
  components,	
  planets	
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Nuclear	
  Astrophysics:	
  New	
  Perspec.ves	
  
•  Recent	
  new	
  findings	
  &	
  puzzles:	
  

– solar	
  abundances:	
  δ~30%!	
  
– solar	
  model	
  debated	
  (seismic	
  data)	
  
– giant	
  stars	
  (late	
  stages)	
  unclear	
  
– supernovae:	
  more	
  variety	
  of	
  models	
  
– be^er	
  abundances	
  	
  
à	
  BBN	
  Li?	
  Many	
  r-­‐processes?	
  

•  New	
  perspec.ves:	
  	
  
– abundance	
  surveys,	
  massive	
  data	
  
– complemen.ng	
  messengers	
  

•  opt/IR/sub-­‐mm/X/gamma/GW/ν's	
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New	
  perspec.ves	
  from	
  recent	
  findings	
  

•  Current	
  quests	
  &	
  themes	
  …	
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Stellar	
  Structure	
  and	
  Evolu.on	
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•  Model	
  Dependencies	
  
•  Giant	
  Stars	
  (He	
  Burning)	
  

–  Mar0ns	
  &	
  Palacios	
  2013	
  



Nuclear	
  Reac.ons	
  in	
  Massive	
  Star	
  Shells	
  
•  Complex	
  &	
  different	
  dependencies	
  for	
  the	
  key	
  reac.ons	
  

•  Pignatari	
  et	
  al.	
  2013	
  

– s	
  processing	
  (?)	
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Convec.on?	
  
Rota.on?	
  



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

•  2D	
  Simula.ons	
  à	
  SNe	
  for	
  
10-­‐25	
  M¤	
  Stars,	
  by	
  x	
  Groups	
  

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

•  3D	
  Simula.ons	
  à	
  ???	
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Understanding	
  Neutron	
  Stars	
  
•  Stability	
  

–  Pressure	
  from	
  	
  
Degenerated	
  n	
  

–  Rota.on	
  
•  Constraints	
  

–  vFermi	
  <	
  c	
  
–  vSound	
  <	
  c	
  
–  vSurf	
  	
  <	
  vKepler	
  

•  Issues	
  
–  n	
  Phases	
  

•  Lapces/Rods	
  
•  Hyperons	
  
•  Pairings,	
  	
  
Condensates	
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SNIa	
  –	
  ‘standard’	
  sources?	
  
•  Varying	
  amounts	
  	
  
of	
  radioac.ve	
  
56Ni?	
  	
  

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	
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Li	
  abundance	
  issues	
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BBN	
  predic.ons	
  

•  BBN	
  predicts	
  Li	
  abundance;	
  conflict	
  to	
  observa.ons?	
  
–  stellar	
  processing	
  
à	
  apparent	
  Li	
  reduced?	
  

–  6Li/7Li:	
  ~2	
  10-­‐5	
  (BBN)	
  	
  
or	
  ~10-­‐2	
  (stars)??	
  

–  BBN	
  6Li	
  produc.on	
  correct?	
  

RSGs	
  

stellar	
  
models	
  

(diffusion)	
  
??	
  

Anders	
  et	
  al.,	
  PRL	
  2014	
  

Coc	
  et	
  al.	
  2013;	
  Mucciarelli	
  et	
  al	
  2014	
  

dwarf	
  stars	
  
	
  
"Spite	
  plateau"	
  



Astronomy	
  :	
  The	
  Variety	
  of	
  Astrophysical	
  Messengers	
  

– Astronomy	
  with	
  photons/e.m.	
  radia.on	
  is	
  complemented	
  
by	
  new	
  “messengers	
  	
  	
  	
  à	
  	
  	
  

•  Presolar	
  grains,	
  cosmic	
  rays:	
  material	
  samples	
  from	
  the	
  cosmos	
  
•  Neutrinos:	
  High-­‐energy	
  process	
  is	
  cosmic	
  objects	
  
•  Gravita.onal	
  Waves:	
  Interac.ons	
  of	
  compact	
  stars	
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Recent	
  cosmic-­‐observa.on	
  examples	
  for	
  NA	
  

•  Selected	
  examples	
  across	
  the	
  
various	
  astronomical	
  windows	
  
and	
  messengers	
  …	
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+	
   +	
  

=	
  

VLT-­‐UT2	
  

UVES	
  
(two-­‐arm	
  cross-­‐dispersed	
  
Échelle	
  spectrograph)	
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Elements	
  measured	
  
in	
  metal-­‐poor	
  stars	
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Detec.on	
  of	
  Uranium	
  
Frebel	
  et	
  al.	
  (2007,	
  ApJ	
  660,	
  L117)	
  

Q:	
  How	
  many	
  atoms	
  of	
  uranium	
  per	
  hydrogen	
  atom	
  are	
  there	
  in	
  this	
  star?	
  
A:	
  log	
  ε(U)	
  =	
  log10	
  (NU/NH)	
  +	
  12	
  =	
  -­‐2.06	
  =>	
  1	
  in	
  ~1014!	
  
…but	
  very	
  high	
  spectral	
  resolu.on	
  (R	
  =	
  λ/δλ	
  >	
  60,000)	
  and	
  signal-­‐to-­‐noise	
  
ra.o	
  (S/N	
  >	
  500)	
  needed,	
  therefore	
  limited	
  to	
  bright	
  stars.	
  

Log	
  ε(U)	
  =	
  -­‐2.06	
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HST	
  observa.ons	
  of	
  Te	
  

(R
oe

de
re
r	
  e

t	
  a
l.	
  
20
12
,	
  A

pJ
	
  7
47

,	
  L
8)
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Tellurium	
  

•  Roederer	
  et	
  al.	
  (2012,	
  ApJ	
  747,	
  L8):	
  
Observed	
  Te	
  abundances	
  
match	
  scaled	
  	
  
Solar	
  “r-­‐process”	
  
abundance	
  pa^ern	
  well.	
  	
  

The	
  stars	
  
observe	
  

from	
  space	
  
you	
  shall!	
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Light	
  neutron-­‐capture	
  elements	
  

Conclusion:	
  the	
  light	
  (38	
  <	
  Z	
  <	
  47)	
  and	
  
heavy	
  (Z	
  >	
  47)	
  neutron-­‐capture	
  elements	
  
were	
  produced	
  in	
  two	
  different	
  
nucleosynthesis	
  processes.	
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[Eu/Fe]	
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Europium	
  isotopic	
  ra.o	
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Isotopic	
  ra.os	
  measured	
  
in	
  metal-­‐poor	
  stars	
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Composi.onal	
  Evolu.on	
  –	
  a	
  Challenge	
  
•  From	
  Lecture	
  Series	
  	
  

at	
  Universe	
  Cluster	
  	
  
by	
  Nikos	
  Prantzos,	
  Nov’14	
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Chemodynamical	
  Modeling:	
  Radial	
  Migra.on	
  
•  	
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Help	
  from	
  Asteroseismology:	
  Distances!	
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Help	
  from	
  Asteroseismology:	
  Distances!	
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Molecular	
  Gas:	
  13C/12C	
  
–  Radia.on	
  from	
  	
  

•  Electronic	
  Transi.ons	
   	
  ~2	
  eV 	
   	
  op.cal	
  
•  Vibra.onal	
  Transi.ons 	
  ~0.2	
  eV	
   	
  NIR	
  
•  Rota.onal	
  Transi.ons	
   	
  10-­‐16	
  eV	
   	
  Radio	
  

– Op.cal	
  Depth	
  	
   	
  	
  	
  	
  	
  
(from	
  dust	
  absorp.on)	
  

•  Mostly	
  Radio	
  Measurements	
  

•  	
  	
  	
  	
  e.g.:	
  12CO 	
  m=6.859	
  amu,	
  ro=1.128	
  10-­‐8	
  cm	
  ,	
  	
  	
  
	
   	
   	
   	
  rota.onal	
  transi.ons	
  	
  =>	
  
	
   	
   	
   	
  j=1-­‐>j=0:	
  115	
  GHz 	
  2.61	
  mm	
  
	
   	
   	
   	
   	
   	
  230 	
  1.3	
  
	
   	
   	
   	
   	
   	
  345 	
  0.87	
  
	
   	
   	
   	
  equidistant	
  levels	
  

	
  

opticalradio ττ <<
2
02 r

j
πµ

ν !=

MPIfR	
  Effelsberg	
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Sub-­‐mm	
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Ar	
  isotope	
  	
  
ra.o	
  measurements	
  
In	
  star	
  forming	
  regions	
  
Schilke+2014	
  

ALMA	
  



X	
  rays	
  
•  Type	
  I	
  X-­‐ray	
  bursts:	
  

– Nuclear	
  igni.on	
  on	
  the	
  surface	
  of	
  a	
  neutron	
  star	
  

16	
  Feb	
  2016	
   Town	
  Mee.ng	
  Nuclear	
  Astrophysics,	
  Darmstadt	
  (D)	
  

Maahmodifar&Strohmeyer	
  	
  (2015)	
  

Flame	
  propaga.on	
  
on	
  the	
  
neutron	
  star	
  surface	
  
à	
  characteris.c	
  oscilla.ons	
  
	
  
rp	
  process	
  network	
  



Core	
  collapse	
  supernova	
  variety	
  
–  Inner	
  Ejecta:	
  	
  44Ti	
  lines	
  from	
  Cas	
  A	
  

•  First	
  mapping	
  	
  of	
  radioac.vity	
  	
  
at	
  68,78	
  keV	
  	
  in	
  a	
  SNR	
  ever	
  

– 44Ti	
  Image	
  differs	
  from	
  Fe!!	
  
	
  
•  Spectroscopy	
  of	
  X-­‐	
  and	
  gamma-­‐ray	
  lines	
  

–  Consistent	
  Doppler	
  
broadening	
  

–  Hint	
  for	
  	
  
par.cle	
  accelera.on	
  

– GRBs	
  and	
  ccSNe:	
  	
  
–  Ultralong	
  GRB,	
  
featureless	
  	
  
SN	
  spectrum	
  

–  a	
  magnetar	
  energy	
  	
  
source	
  (rather	
  than	
  56Ni),	
  consistent	
  with	
  INTEGRAL	
  flux	
  (no	
  image)	
  

Chandra	
  (Fe)	
  vs	
  NuSTAR	
  (44Ti)	
  

GrefensteTe	
  et	
  al.,	
  Nat,	
  2014	
  	
  

78	
  keV	
   1.16	
  MeV	
  

Siegert	
  et	
  al.	
  (A&A	
  2015)	
  

Greiner	
  et	
  al.	
  (Nat	
  2015)	
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Core-­‐collapse	
  explosions	
  
•  Mixing	
  instabili.es	
  in	
  3D	
  SN	
  models:	
  à	
  
aspherici.es	
  	
  

– Cover	
  
.me	
  from	
  
bounce	
  
+15msec	
  
to	
  ~4	
  days	
  
in	
  one	
  
simula.on	
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Systema.cs	
  across	
  mass	
  range	
  
•  “Explodability”	
  :	
  understanding	
  systema.cs	
  

Ertl+	
  2015;	
  
Sukhbold+2015	
  

red=SN	
  explosion	
   black=collapse	
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SNIa	
  Light:	
  Radioac.vity	
  à	
  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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56Ni	
  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	
  



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

– Detec.ons	
  of	
  the	
  two	
  strongest	
  lines	
  expected	
  from	
  56Ni	
  
with	
  the	
  INTEGRAL	
  Spectrometer	
  ‘SPI’	
  

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

3.9 σ 3.1 σ 

158	
  keV	
   812	
  keV	
  

Diehl+,	
  Science	
  (2014)	
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SN2014J:	
  An	
  unusual	
  (triggered)	
  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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•  INTEGRAL	
  Obs	
  from	
  31	
  Jan	
  .ll	
  26	
  Jun	
  2014	
  

Longterm	
  Data:	
  Broad	
  Lines	
  from	
  56Co!	
  

847 keV 

MPE INTEGRAL Team 

Churazov+,	
  Nat	
  (2014)	
  
Diehl+,	
  A&A	
  (2015)	
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  Gamma-­‐Rays	
  from	
  a	
  Supernova	
  Ia:	
  	
  SN2014J	
  	
  	
  	
  	
  	
  	
  

	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  

	
  	
  

•  First	
  direct	
  detec.on	
  of	
  56Ni	
  
decay	
  in	
  a	
  SNIa	
  

•  Structured	
  56Co	
  gamma-­‐ray	
  
emission	
  à	
  ‘clumpy’	
  SN?	
  

56Ni	
  

56Co	
  

16	
  Feb	
  2016	
   Town	
  Mee.ng	
  Nuclear	
  Astrophysics,	
  Darmstadt	
  (D)	
  



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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Ejecta	
  Dynamics	
  in	
  our	
  Galaxy:	
  Superbubbles	
  
•  Large-­‐scale	
  velocity	
  excess	
  

Kretschmer	
  et	
  al.,	
  A&A	
  (2013)	
  

26Al	
  

16	
  Feb	
  2016	
   Town	
  Mee.ng	
  Nuclear	
  Astrophysics,	
  Darmstadt	
  (D)	
  



Dynamics	
  of	
  the	
  Interstellar	
  Medium	
  
•  ISM	
  is	
  Highly-­‐Dynamic	
  à	
  Ejecta	
  are	
  traced	
  by	
  radioac.vity	
  γ-­‐rays	
  

–  Study	
  Specific	
  Regions	
  in	
  Detail	
  (Cygnus,	
  Orion,	
  Scorpius-­‐Centaurus,	
  Carina)	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

K.	
  Fierlinger+,	
  MNRAS	
  (2015)	
  

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

	
  
– Temporal	
  X-­‐ray	
  brightenings	
  	
  
aWer	
  SN	
  energy	
  injec.ons	
  

– spa.al	
  oscilla.ons	
  of	
  X	
  brightness	
  

ROSAT 
0.5-2 keV 

ROSAT 
0.1-0.4 keV 

Hα 

Krause et al. 2014 

Krause+	
  2014	
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INTEGRAL/SPI  
Sco-Cen Region 
(Diehl+, A&A 2010) 

The	
  Sco-­‐Cen	
  Associa.on:	
  Triggered	
  Star	
  Forma.on?	
  
•  Nearest	
  OB	
  Associa.on	
  (~120pc)	
  

–  subgroups	
  of	
  ages	
  5,	
  16,	
  17	
  My	
  
•  Extended,	
  Triggered	
  Star	
  Forma.on?	
  

¶  Compare Data with Population Synthesis 
  R. Voss, RD, et al., 2009, 2010, 2011  

¶  Observed 26Al Emission  
¶  Stellar Groups Ages & Richness 
¶  ISM Shell/Cavity Observables 
 

Preibisch et al. 1999 

26Al	
  γ-­‐rays	
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Scorpius-­‐Centaurus	
  Groups	
  
Studies	
  at	
  different	
  wavelengths	
  
and	
  observables…X-­‐rays	
  dust,	
  HI	
  

Planck 850 µm 

ROSAT  
0.75 keV 

Planck 850 µm 

EBHIS HI 

Using new ages, star counts,  
and the  

cluster-mass/most-massive-star 
relation à 
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Illustra0on	
  of	
  mul0-­‐wavelength	
  
approach:	
  

Need	
  to	
  model	
  the	
  
26Al	
  spa0al	
  distrib

u0on	
  

In	
  order	
  to	
  searc
h	
  for	
  its	
  gamma-­‐rays	
  



Dynamics	
  of	
  the	
  Interstellar	
  Medium	
  
•  Ejecta	
  will	
  mix	
  into	
  newly-­‐forming	
  stars	
  (e.g.	
  our	
  Sun)	
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CR	
  Primary	
  Composi.on	
  near	
  Knee	
  
–  ...	
  is	
  quite	
  uncertain	
  /	
  controversely	
  discussed	
  

•  here:	
  Tokuno+	
  2008	
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CR	
  Spectra	
  for	
  Different	
  Species	
  
•  from	
  near-­‐Earth	
  Measurements	
   	
  (PT	
  May	
  2011)	
  

16	
  Feb	
  2016	
   Town	
  Mee.ng	
  Nuclear	
  Astrophysics,	
  Darmstadt	
  (D)	
  



Stardust	
  Mission:	
  Collec.ng	
  Interplanetary	
  Dust	
  
–  Aerogel	
  Layers	
  Deposited	
  in	
  Interplanetary	
  Space	
  
–  Sample	
  Return	
  for	
  Analysis	
  in	
  Terrestrial	
  Laboratory	
  

•  "Stardust"	
  Mission:	
  Sample	
  Return	
  from	
  Comet	
  Wild	
  
•  	
   	
  launched	
  Feb	
  7,	
  1999;	
  sample	
  return	
  Jan	
  16,	
  2006	
  

capsule as recovered 16 Jan 2006 
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Sample-­‐Return	
  Analyses	
  
–  Compare	
  Crater	
  Morphologies	
  with	
  Laboratory-­‐Made	
  Craters	
  	
  
(Using	
  Meteorite	
  Grains)	
  

–  Analyze	
  Samples	
  Grains	
  with	
  	
  
Mass	
  Spectrometers	
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Supernova	
  Ejecta	
  from	
  a	
  Nearby	
  Event	
  

•  	
  60Fe	
  Clearly	
  Seen	
  in	
  
Oceanfloor	
  Samples	
  

à	
  	
  SN	
  ~2-­‐3	
  My	
  ago	
  
Knie et al. 2004 

Knie	
  et	
  al.	
  2004;	
  Fitousi	
  et	
  al.	
  2008;	
  Feige	
  2014;	
  Fimiani	
  et	
  al.	
  2015	
  

Feige+	
  2014	
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r	
  process	
  ejecta	
  on	
  Earth?	
  
•  If	
  r	
  process	
  occurs	
  nowadays	
  à	
  interstellar	
  material	
  
should	
  bring	
  this	
  to	
  Earth	
  
–  search	
  for	
  typical	
  r-­‐process	
  	
  
isotopes	
  in	
  sediments	
  with	
  AMS	
  

–  A.	
  Wallner+Nat.	
  2015	
  	
  

–  no	
  signs	
  of	
  current	
  r-­‐process	
  ejecta	
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60Fe	
  in	
  Solar-­‐System	
  Meteorites	
  
–  60Ni	
  Excesses	
  wrt.	
  Ni	
  Isotopes	
  Detected	
  in	
  Meteorites	
  

•  60Fe/56Fe	
  
~	
  3	
  10-­‐7	
  ...	
  1	
  10-­‐6	
  

–  ISM	
  Abundance	
  Ra.o?	
  
•  26Al	
  &	
  60Fe	
  from	
  ISM	
  γ's	
  &	
  SAD	
  27Al,56Fe	
  -­‐>	
  ~	
  1.4	
  10-­‐7	
  

–  The	
  "Disk	
  Area"	
  of	
  a	
  Newly-­‐Formed	
  Stellar	
  System	
  is	
  ~10	
  My	
  
–  Chondrules	
  are	
  Formed	
  ~Myrs	
  aeer	
  Decoupling	
  	
  
of	
  SolarSys	
  from	
  ISM	
  

•  When,	
  Exactly,	
  Does	
  Chondrule	
  Forma.on	
  Occur?	
  
•  Was	
  60Fe	
  a	
  Significant	
  Heat	
  Source	
  of	
  Chondrules?	
  
•  Has	
  there	
  been	
  'late'	
  SN	
  Enrichment?	
  

Mostefaoui et al. 2005 

Tachibana et al. 2007 

Mostefaoui et al. 2003 
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Detec.on	
  of	
  Presolar	
  Grains	
  
– Huge	
  (compared	
  to	
  solar-­‐sample	
  variances)	
  
Isotopic	
  Abundance	
  Anomalies	
  

•  C	
  or	
  O	
  Isotopes	
  
–  Solar	
  Varia.on	
  ~10%	
  
–  Total	
  Range	
  ~105	
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Isotopic	
  Studies	
  of	
  Presolar	
  Grains	
  in	
  the	
  Laboratory	
  	
  
	
  Peter	
  Hoppe,	
  MPI	
  for	
  Chemistry	
  

Presolar Grains = Samples of Stardust in the Laboratory 

 

1 2 

3 

4 

5 
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Murchison
SiC X grains

Mainstream
Grains
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NanoSIMS
NanoSIMS, 44Ti
IMS3f

§  “Mainstream”	
  SiC	
  Grains	
  from	
  C-­‐rich	
  
Starsà	
  AGB	
  Stars	
  

§  SiC	
  X	
  grains	
  are	
  a	
  rare	
  type	
  of	
  presolar	
  SiC	
  
§  Isotopic	
  signatures:	
  	
  Excesses	
  in	
  12C	
  (most	
  

grains),	
  15N,	
  and	
  28Si,	
  large	
  	
  amounts	
  of	
  
26Al	
  and	
  presence	
  of	
  44Ti	
  (some	
  grains)	
  

§  cc	
  SN	
  are	
  the	
  most	
  likely	
  stellar	
  sources	
  

Stardust:	
  Presolar	
  "X"	
  Grains	
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44Ti	
  in	
  Presolar	
  Grains:	
  Morphology	
  on	
  Fine	
  Scales	
  

min                                                max 

28Si 28Si 44Ca** 48Ti 

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

	
  	
  	
  Localized	
  44Ti	
  subgrains,	
  	
  
Correlated	
  with	
  48Ti	
  

	
  	
  	
  in	
  SiC	
  X	
  Grains	
  
	
  

à	
  grain	
  growth	
  and	
  
condensa.on	
  within	
  SN	
  
envelope	
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Astronomy	
  :	
  The	
  Variety	
  of	
  Astrophysical	
  Messengers	
  

– Astronomy	
  with	
  photons/e.m.	
  radia.on	
  is	
  complemented	
  
by	
  new	
  “messengers	
  	
  	
  	
  à	
  	
  	
  

•  Presolar	
  grains,	
  cosmic	
  rays:	
  material	
  samples	
  from	
  the	
  cosmos	
  
•  Neutrinos:	
  High-­‐energy	
  process	
  is	
  cosmic	
  objects	
  
•  Gravita.onal	
  Waves:	
  Interac.ons	
  of	
  compact	
  stars	
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Prospects	
  and	
  Challenges	
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30m-­‐class	
  telescope	
  projects	
  
•  European	
  Extremely	
  Large	
  Telescope	
  (E-­‐ELT)	
  
www.eso.org/sci/facilities/eelt/	
  
–  ESO	
  	
  
–  798	
  hexagonal	
  primary	
  mirror	
  segments	
  of	
  1.4	
  m	
  <=>	
  D	
  =	
  39	
  m	
  
–  Site:	
  Cerro	
  Armazones,	
  Chile	
  
–  First	
  Light:	
  “mid-­‐2020ies”	
  

•  Thirty	
  Meter	
  Telescope	
  (TMT;	
  www.tmt.org)	
  
–  USA	
  +	
  Canada	
  +	
  China	
  +	
  Japan	
  
–  492	
  hexagonal	
  primary	
  mirror	
  segments	
  of	
  1.4	
  m	
  <=>	
  D	
  =	
  30	
  m	
  
–  Site:	
  Mauna	
  Kea,	
  Hawai’I	
  
–  First	
  Light:	
  2022?	
  

•  Giant	
  Magellan	
  Telescope	
  (GMT;	
  www.gmto.org)	
  
–  USA	
  +	
  Australia	
  +	
  Korea	
  
–  7	
  round	
  mirrors	
  of	
  8.4	
  m	
  <=>	
  D	
  =	
  22	
  m	
  
–  Site:	
  Las	
  Campanas,	
  Chile	
  
–  First	
  Light:	
  “2022”	
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Telescope	
  primary	
  mirrors	
  

E-­‐ELT	
  
39m	
  
	
   TMT	
  

30m	
  

JWST 
6.5m 

GMT 
24m 

VLT 
8m 

HST 
2.4m 
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Surveys:	
  Abundance	
  data	
  from	
  stars	
  
•  	
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Gaia	
  and	
  other	
  surveys:	
  massive	
  data	
  
•  New	
  facili.es	
  built	
  for	
  
other	
  purposes	
  
(cosmology,	
  dark	
  
energy)	
  also	
  produce	
  a	
  
rich	
  database	
  of	
  stellar	
  
abundance	
  data!	
  
– Need	
  processing	
  &	
  
abundance	
  analysis	
  
facili.es,	
  classifica.ons,	
  
quan.ta.ve	
  analysis,	
  …	
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plus:	
  ALMA,	
  NOEMA/IRAM,	
  SOFIA,	
  NICER,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  ATHENA…	
  
à Abundance	
  and	
  source	
  constraints	
  	
  
	
  	
  	
  	
  	
  	
  as	
  by-­‐products	
  

ASTRO-­‐H	
  



Current	
  Nuclear	
  Gamma-­‐Ray	
  Line	
  Telescopes	
  
	
  

–  INTEGRAL	
  Observatory	
  
2002-­‐(2016+..202x)	
  
ESA	
  
Ge	
  Detectors	
  
	
  

– NuSTAR	
  (<80	
  keV!)	
  
2012-­‐	
  …	
  	
  
NASA	
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Astronomical	
  Gamma-­‐Ray	
  Telescopes:	
  
Interac.on	
  of	
  High-­‐Energy	
  Photons	
  with	
  Ma^er	
  

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	
  Telescope	
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Compton Scattering: Coincidence Experiments 
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Nuclear-­‐range	
  Telescope	
  Proposals	
  
•  ESA	
  M-­‐class	
  missions	
  à	
  “Astrogam”	
  (2015)	
  

•  Not	
  selected,	
  though	
  scien.fic	
  value	
  appreciated	
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Laboratory	
  Isotope	
  Studies	
  of	
  Presolar	
  
(Stardust)	
  Grains	
  

	
  
	
  

§  Provide opportunity to study isotopic compositions of dust 
from individual stars in the laboratory with unrivaled 
precision 

§  Permit to track nucleosynthetic processes in parent stars 
(AGB stars, supernovae, novae)  

§  Coordinated high spatial resolution isotope 
measurements (<100 nm) by NanoSIMS and RIMS 
(CHILI, University of Chicago) opens a new window to 
nuclear astrophysics 
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Summary	
  

•  Astronomical	
  messenger	
  variety	
  has	
  increased	
  
substan.ally,	
  wrt.	
  cosmic	
  nuclear	
  processes	
  

•  Nucleosynthesis	
  sites/sources	
  are	
  recognized	
  as	
  
complex	
  (3D)	
  objects	
  

•  Links	
  to	
  astrophysical	
  theory	
  are	
  key	
  to	
  data	
  
interpreta.ons	
  in	
  many	
  areas	
  

•  Nuclear	
  reac.on	
  rates	
  are	
  (one	
  of	
  …	
  key)	
  	
  
ingredients	
  to	
  astrophysical	
  source	
  models	
  	
  	
  

•  Diversity	
  of	
  links	
  nuclear	
  ßà	
  astro	
  	
  -­‐physics	
  
•  Need	
  communica.on/collabora.on	
  pla�orms!	
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