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Suzaku	
  
•  Suzaku	
  launched	
  on	
  July	
  10,	
  2005.	
  Before	
  launch	
  it	
  was	
  called	
  Astro-­‐E2,	
  and	
  the	
  name	
  was	
  

changed	
  to	
  Suzaku	
  shortly	
  aLer	
  the	
  successful	
  launch.	
  
	
  
•  Suzaku’s	
  four	
  CCD	
  cameras	
  for	
  low-­‐energy	
  X-­‐rays	
  and	
  detector	
  for	
  high-­‐energy	
  X-­‐rays	
  conPnue	
  

to	
  study	
  the	
  X-­‐ray	
  sky.	
  In	
  scienPsts’	
  words,	
  Suzaku	
  is	
  designed	
  for	
  “broad-­‐band,	
  high-­‐sensiPvity,	
  
high-­‐resoluPon”	
  spectroscopy.	
  	
  

hSp://www.isas.jaxa.jp/e/enterp/missions/suzaku/	
  



NuSTAR	
  

hSp://www.nustar.caltech.edu/	
  

•  The	
  NuSTAR	
  (Nuclear	
  
Spectroscopic	
  Telescope	
  
Array)	
  mission	
  has	
  
deployed	
  the	
  first	
  orbiPng	
  
telescopes	
  to	
  focus	
  light	
  in	
  
the	
  high	
  energy	
  X-­‐ray	
  (3	
  -­‐	
  
79	
  keV)	
  region	
  of	
  the	
  
electromagnePc	
  
spectrum.	
  Our	
  view	
  of	
  the	
  
universe	
  in	
  this	
  spectral	
  
window	
  has	
  been	
  limited	
  
because	
  previous	
  orbiPng	
  
telescopes	
  have	
  not	
  
employed	
  true	
  focusing	
  
opPcs,	
  but	
  rather	
  have	
  
used	
  coded	
  apertures	
  that	
  
have	
  intrinsically	
  high	
  
backgrounds	
  and	
  limited	
  
sensiPvity.	
  



MAXI	
  
The	
  Monitor	
  of	
  All-­‐sky	
  X-­‐ray	
  Image,	
  MAXI,	
  is	
  
the	
  first	
  experiment	
  installed	
  on	
  the	
  
Japanese	
  Experiment	
  Module	
  Exposed	
  
Facility	
  (JEM-­‐EF	
  or	
  Kibo-­‐EF)	
  on	
  the	
  
InternaPonal	
  Space	
  StaPon	
  (ISS)	
  and	
  the	
  first	
  
high	
  energy	
  astrophysical	
  experiment	
  placed	
  
on	
  the	
  space	
  staPon.	
  
	
  
The	
  main	
  objecPves	
  of	
  MAXI	
  are	
  early	
  
detecPon	
  of	
  X-­‐ray	
  transient	
  events,	
  and	
  
monitoring	
  the	
  intensity	
  fluctuaPon	
  of	
  
known	
  X-­‐ray	
  sources	
  over	
  long	
  periods	
  by	
  
scanning	
  the	
  all	
  sky	
  in	
  soL	
  and	
  hard	
  X-­‐ray.	
  
•  two	
  semi-­‐circular	
  arc-­‐shaped	
  X-­‐ray	
  slit	
  

cameras	
  with	
  wide	
  FOVs.	
  In	
  the	
  92	
  
minutes	
  it	
  takes	
  the	
  ISS	
  to	
  orbit	
  the	
  
earch,	
  MAXI	
  gets	
  a	
  360	
  deg	
  image	
  of	
  the	
  
enPre	
  sky.	
  

•  two	
  kinds	
  of	
  X-­‐ray	
  detectors,	
  collecPng	
  
events	
  from	
  the	
  slit	
  cameras:	
  a	
  gas	
  
proporPonal	
  counters,	
  the	
  Gas	
  Slit	
  
Camera	
  (GSC;	
  2-­‐30	
  keV),	
  and	
  a	
  X-­‐ray	
  
CCD,	
  Solid-­‐state	
  Slit	
  Camera	
  (SSC;	
  0.5-­‐12	
  
keV).	
  

hSps://heasarc.gsfc.nasa.gov/docs/maxi/	
  



Astro-­‐H	
  –	
  Hitomi	
  

hSp://astro-­‐h.isas.jaxa.jp/en/	
  



hSps://svs.gsfc.nasa.gov/12297	
  



XRISM	
  

hSps://heasarc.gsfc.nasa.gov/docs/xrism/	
  



XRISM	
  

hSps://www.xrism.jaxa.jp/wp-­‐content/uploads/2024/01/N132D_s.jpg	
  



NICER	
  

hSps://heasarc.gsfc.nasa.gov/docs/nicer/	
  



ASTROSAT	
  
hSps://www.isro.gov.in/SpacecraL/astrosat	
  

hSps://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp	
  



HMXT	
  

hSp://hxmten.ihep.ac.cn/	
  



eROSITA	
  

hSps://www.mpe.mpg.de/eROSITA	
  



eROSITA	
  survey	
  

hSps://www.mpe.mpg.de/7461761/news20200619	
  



eROSITA	
  survey	
  

hSps://www.mpe.mpg.de/7461950/erass1-­‐presskit	
  



IXPE	
  

hSps://wwwastro.msfc.nasa.gov/ixpe/	
  



IXPE	
  

hSps://www.nasa.gov/mission_pages/ixpe/news/nasa-­‐s-­‐ixpe-­‐sends-­‐first-­‐science-­‐image.html	
  



IXPE	
  

hSps://www.nasa.gov/missions/chandra/nasas-­‐ixpe-­‐helps-­‐unlock-­‐the-­‐secrets-­‐of-­‐famous-­‐exploded-­‐star/	
  



IXPE	
  

hSps://www.nasa.gov/universe/nasas-­‐ixpe-­‐reveals-­‐shape-­‐orientaPon-­‐of-­‐hot-­‐maSer-­‐around-­‐black-­‐hole/	
  



IXPE	
  

hSps://www.nasa.gov/centers-­‐and-­‐faciliPes/marshall/nasas-­‐ixpe-­‐finds-­‐powerful-­‐magnePc-­‐fields-­‐and-­‐solid-­‐crust-­‐at-­‐neutron-­‐star/	
  



IXPE	
  

hSps://www.nasa.gov/universe/nasas-­‐ixpe-­‐helps-­‐solve-­‐black-­‐hole-­‐jet-­‐mystery/	
  



XIPE	
  

hSp://www.isdc.unige.ch/xipe/	
  



LOFT	
  

hSp://www.isdc.unige.ch/loL/	
  



eXTP	
  

hSp://www.isdc.unige.ch/extp/	
  



Athena	
  

hSps://www.the-­‐athena-­‐x-­‐ray-­‐observatory.eu	
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•  host galaxies long GRBs: blue, usually regular and high star forming, GRB 
located in  star forming regions 

•  host galaxies of short GRBs: elliptical, irregular galaxies, away from star 
forming region 

Unvealing the GRB progenitors 

GRB 050509b 

Short Long 
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The	
  SK	
  way-­‐	
  The	
  elasPc	
  scaSering	
  of	
  
neutrinos	
  on	
  electrons	
  

• Real-time detector 
• Elastic scattering  

νe→ νe 

νe 

e 
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Cherenkov	
  effect	
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Neutrino Scattering Experiments - 
SuperKamiokande 

•  Size: Cylinder of 41.4m (Height) x 39.3m (Diameter) 
•  Weight: 50,000 tons of pure water 
•  Light Sensitivity: 11,200 photomultiplier tubes  
  (50cm each in diameter -the biggest size in the world) 
•  Energy Resolution: 2.5% (at 1 GeV) 
                                  ~16% (at 10 MeV)  
•  Energy Threshold 5 MeV 
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Cherenkov light is emitted in a cone of half angle θ from the direction  
of the particle track 
 

Neutrino Scattering Experiments 
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Neutrino Scattering Experiments 



The SN1987A 
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The	
  Crab	
  in	
  Mul.-­‐Wavelengths	
  Photons	
  

Infrared	
   OpPcal	
   X-­‐ray	
  Radio	
  



Supernovae	
  
The	
  field	
  of	
  the	
  
supernova	
  SN1987A	
  
before	
  23	
  February	
  1987. 
 
This	
  picture	
  shows	
  a	
  
small	
  area	
  of	
  sky	
  in	
  the	
  
Large	
  Magellanic	
  Cloud,	
  
the	
  nearby	
  dwarf	
  	
  
companion	
  galaxy	
  to	
  	
  
our	
  own	
  Galaxy.	
  

	
  aLer	
  

Anglo-­‐Australian	
  Telescope	
  















§ 	
  Stars	
  with	
  masses	
  above	
  eight	
  solar	
  masses	
  undergo	
  gravita'onal	
  collapse.	
  
§ 	
  Once	
  the	
  core	
  of	
  the	
  star	
  becomes	
  consPtuted	
  primarily	
  of	
  iron,	
  further	
  compression	
  of	
  the	
  
core	
  does	
  not	
  ignite	
  nuclear	
  fusion	
  and	
  the	
  star	
  is	
  unable	
  to	
  thermodynamically	
  support	
  its	
  
outer	
  envelope.	
  	
  
§ As	
  the	
  surrounding	
  maSer	
  falls	
  inward	
  under	
  gravity,	
  the	
  temperature	
  of	
  the	
  core	
  rises	
  and	
  
iron	
  dissociates	
  into	
  α	
  parPcles	
  and	
  nucleons.	
  
§ 	
  Electron	
  capture	
  on	
  protons	
  becomes	
  heavily	
  favored	
  and	
  electron	
  neutrinos	
  are	
  produced	
  
as	
  the	
  core	
  gets	
  neutronized	
  (a	
  process	
  known	
  as	
  neutroniza'on).	
  	
  
§ 	
  When	
  the	
  core	
  reaches	
  densiPes	
  above	
  1012	
  g/cm3,	
  neutrinos	
  become	
  trapped	
  (in	
  the	
  so-­‐
called	
  neutrinosphere).	
  	
  
§ 	
  The	
  collapse	
  conPnues	
  unPl	
  3	
  −	
  4	
  Pmes	
  nuclear	
  density	
  is	
  reached,	
  aLer	
  which	
  the	
  inner	
  
core	
  rebounds,	
  sending	
  a	
  shock-­‐wave	
  across	
  the	
  outer	
  core	
  and	
  into	
  the	
  mantle.	
  	
  
§ 	
  This	
  shock-­‐wave	
  loses	
  energy	
  as	
  it	
  heats	
  the	
  maSer	
  it	
  traverses	
  and	
  incites	
  further	
  	
  
electron-­‐capture	
  on	
  the	
  free	
  protons	
  leL	
  in	
  the	
  wake	
  of	
  the	
  shock.	
  	
  
§ 	
  During	
  the	
  few	
  milliseconds	
  in	
  which	
  the	
  shock-­‐wave	
  travels	
  from	
  the	
  inner	
  core	
  to	
  the	
  
neutrinosphere,	
  electron	
  neutrinos	
  are	
  released	
  in	
  a	
  pulse.	
  This	
  neutronizaPon	
  burst	
  carries	
  
away	
  approximately	
  1051	
  ergs	
  of	
  energy.	
  





§ 	
  99%	
  of	
  the	
  binding	
  energy	
  Eb,	
  of	
  the	
  protoneutron	
  star	
  is	
  released	
  in	
  the	
  
following	
  ∼	
  10	
  seconds	
  primarily	
  via	
  β-­‐decay	
  (providing	
  a	
  source	
  of	
  electron	
  
anPneutrinos),	
  νe,	
  anP-­‐νe	
  and	
  e+e−	
  annihilaPon	
  and	
  nucleon	
  bremsstrahlung	
  
(sources	
  for	
  all	
  flavors	
  of	
  neutrinos	
  including	
  νµ,	
  anP-­‐νµ,	
  νt	
  and	
  anP-­‐νt	
  ),	
  in	
  
addiPon	
  to	
  electron	
  capture.	
  
	
   SchemaPc	
  

illustraPon	
  of	
  a	
  SN	
  
explosion.	
  The	
  
dense	
  Fe	
  core	
  
collapses	
  in	
  a	
  
fracPon	
  of	
  a	
  second	
  
and	
  gets	
  
neutronized	
  (lower-­‐
leL).	
  The	
  inner	
  core	
  
rebounds	
  and	
  gives	
  
rise	
  to	
  a	
  shock-­‐
wave	
  (lower-­‐right).	
  
The	
  protoneutron	
  
star	
  cools	
  by	
  the	
  
emission	
  of	
  
neutrinos.	
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  Recorded	
  explosions	
  visible	
  to	
  naked	
  eye:	
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SN1987A	
  



Core collapse 



Explosion	
  

•  Collapse and re-bound(1-4) creates a 
shock wave(5) propagating outward from 
center of core(6) , meeting in falling 
outer core material   

•  Shock stalls due to neutrino escape & 
nuclear dissociation 

•  Deleptonisation of the core creates 
intensive neutrino flux (99% of energy)  

•  Neutrino interactions behind the shock 
reheat the shock and drive it outwards(7) 

•  Measuring 56Fe(νe ,e- ) 56Co  provides 
valuable data to guide shock formation 
models. 

•  Other cross sections, 28Si, should also 
play an important role.

5 



Neutrinos to the rescue 



Antineutrino 
Luminosity 



The	
  SN	
  neutrino	
  signal	
  



8.6 The SN1987A 

Neutrino	
  cross	
  secPons:	
  

Distance:	
  52	
  kpc	
  (LMC)	
  



Introduction: Core collapse of type-II SN 

Supernovae	
  explode	
  in	
  Nature,	
  but	
  non	
  in	
  
computers	
  (J.	
  Beacom,	
  ν2002)	
  

enpe ν+→+−

νν +→+ +− ee

• 	
  Neutroniza+on,	
  ~10	
  ms	
  	
  
• 	
  1051	
  erg,	
  νe	
  only	
  

• 	
  Thermaliza+on:	
  ~10	
  s	
  
• 	
  3×1053	
  erg	
  
• 	
  Lνe(t)	
  ≈	
  LanP-­‐νe(t)	
  ≈	
  Lνx(t)	
  	
  

DetecPon:	
  mainly	
  through	
  	
  
++→+ enpeν

∼300	
  events/kt	
  (@GC)	
  



Time-energy 

(a) Time-integrated fraction of the SN 
positrons produced in the detector 
versus time. 24% of the signal it is 
produced in the first 100 ms after the 
neutronization burst. It is 60% after 
1 second.  

(b) Differential energy spectrum 
(arbitrary units) of positrons. A 
SN1987A-like stellar collapse was 
assumed. 

T	
  (ms)	
  

100%	
  

100 ms 

1 s 

Ee	
  (MeV)	
  



The SN1987A: how many events? 
1- Energy released 2.5 1053 erg  
2- Average νe energy ≈ 16 MeV = 2.5 10-5 erg 
3- Nsource= (1/6) × 2.5 1053/ (2.5 10-5)= 1.7 1057   νe   

4-  LMC Distance :                   D=52 kpc = 1.6 1023 cm 
5- Fluency at Earth:                F = NSource/4πD2  = 0.5 1010  cm-2 
6- Targets in 1 Kt water:         Nt = 0.7 1032 protons 
7- cross section:                      σ(antiνe+p) ~ 2x10-41 cm2    

8- Ne+ = F (cm-2)× σ (cm2)× Nt (kt-1)= 0.5 1010 ×  2x10-41× 0.7 1032   

                          = 7 positrons/kt 
9 – M(Kam II) = 2.1 kt, efficiency ε~ 80% 
10 – Events in Kam II = 7 x 2.1 x ε ~ 12 events 

For a SN @ Galactic Center (8.5 kpc) :  
N events= 7x(52/8.5)2 =  260 e+/kt 



The detectors 



The SN1987A 



Energy from SN1987a 



LVD	
  detector	
  

hSps://www.lngs.infn.it/en/lvd	
  



• 	
  The	
  observaPon	
  of	
  supernova	
  neutrinos	
  should	
  bring	
  a	
  beSer	
  understanding	
  
of	
  the	
  core	
  collapse	
  mechanism	
  from	
  the	
  feature	
  of	
  the	
  Pme	
  and	
  energy	
  
spectra,	
  and	
  constraints	
  the	
  supernova	
  models.	
  	
  
• 	
  Moreover,	
  an	
  esPmaPon	
  of	
  the	
  neutrino	
  masses	
  could	
  be	
  done	
  in	
  the	
  
following	
  manner.	
  The	
  velocity	
  of	
  a	
  parPcle	
  of	
  energy	
  E	
  and	
  mass	
  m,	
  with	
  E	
  >>	
  
m,	
  is	
  given	
  by	
  (with	
  c	
  =	
  1):	
  	
  

v =  
p 

 =  
( E2 –m2)½ 

 ≈ 1 -  
m2 

. 
E       E 2E

• Thus,	
  for	
  a	
  supernova	
  at	
  distance	
  d,	
  the	
  delay	
  of	
  a	
  neutrino	
  due	
  to	
  its	
  mass	
  is,	
  
expressed	
  in	
  the	
  proper	
  units:	
  	
  

Δt[s] ≈0.05  
m[eV]

2 
 d[kpc] . 

E[MeV]

• 	
  Therefore,	
  neutrinos	
  of	
  different	
  energies	
  released	
  at	
  the	
  same	
  instant	
  should	
  
show	
  a	
  spread	
  in	
  their	
  arrival	
  Pme.	
  	
  

Neutrino mass from SN 



Experiments 



Neutrino	
  Astrophysics	
  
•  The	
  only	
  SN	
  seen	
  with	
  neutrino	
  was	
  SN1987a	
  
•  	
  Small	
  experiments,	
  small	
  staPsPcs	
  
•  QualitaPve	
  agreement	
  with	
  the	
  SN	
  models	
  
•  Wait	
  for	
  the	
  next	
  near	
  SN	
  with	
  the	
  new	
  larger	
  
experiments	
  (SK,	
  SNO,	
  Borexino,	
  LVD…)	
  

•  à	
  neutrino	
  properPes	
  (mass,	
  livePme,	
  magnePc	
  
moment)	
  from	
  astrophysics	
  


