
Il	
  Cielo	
  a	
  raggi	
  X	
  
	
  

alberto	
  more*	
  	
  

cosa	
  sono	
  i	
  raggi	
  X	
  e	
  come	
  li	
  usiamo	
  sulla	
  terra	
  
	
  
le	
  sorgen0	
  di	
  raggi	
  X	
  nel	
  cosmo	
  
	
  
breve	
  storia	
  dell’astronomia	
  X	
  e	
  sviluppi	
  tecnologici	
  
	
  
	
  



frequenza	
  =	
  velocita`	
  luce	
  	
  /	
  	
  lunghezza	
  d’onda	
  	
  	
  (v=c/λ)	
  
	
  
energia	
  =	
  costante	
  di	
  Planck	
  x	
  frequenza	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (E=hv)	
  
	
  
temperatura=	
  energia/costante	
  di	
  Boltzmann	
  	
  	
  	
  	
  (T=E/k)	
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5,000o	
  

	
  lunghezza	
  d’onda	
  	
  
	
  	
  	
  frequenza	
  
	
  energia	
  	
  

	
  	
  temperatura	
  	
  
	
  

10-­‐10	
  	
  	
  	
  metri	
  
1018	
  	
  hertz	
  
1	
  kev	
  	
  	
  	
  
10,000,000o	
  

Il	
  sole	
  

Luce	
  visibile	
   Banda	
  X	
  



I	
  raggi	
  o	
  fotoni	
  	
  X	
  hanno	
  la	
  stessa	
  energia	
  	
  
degli	
  eleLroni	
  di	
  legame	
  degli	
  elemen0	
  	
  
piu`	
  comuni	
  (H	
  e	
  He	
  esclusi)	
  	
  



	
  
I	
  raggi	
  X	
  vengono	
  scoper0	
  in	
  laboratorio	
  per	
  
la	
  prima	
  volta	
  nel	
  1895	
  da	
  Rontgen	
  
	
  
	
  
I	
  raggi	
  X	
  sono	
  sta0	
  determinan0	
  in	
  alcuni	
  
degli	
  esperimen0	
  piu’	
  importan0	
  e	
  basilari	
  
della	
  meccanica	
  quan0s0ca:	
  	
  
effeLo	
  fotoeleLrico	
  ed	
  effeLo	
  Compton	
  .	
  
	
  
	
  
	
  
	
  
	
  
	
  
Con	
  i	
  raggi	
  X	
  e`	
  stata	
  faLa	
  anche	
  la	
  famosa	
  
photo	
  51	
  :	
  la	
  prima	
  immagine	
  della	
  struLura	
  
ad	
  elica	
  del	
  DNA	
  (Rosalynd	
  Franklin)	
  
	
  
	
  



Come	
  si	
  producono	
  i	
  raggi	
  X	
  per	
  le	
  radiografie	
  ?	
  	
  

brehmsstralung	
  



cos’e`	
  	
  uno	
  speLro	
  ?	
  

E’	
  la	
  distribuzione	
  delle	
  energie	
  
dei	
  fotoni	
  prodo]	
  da	
  una	
  	
  
sorgente.	
  	
  
	
  
	
  



Ed	
  ora	
  alziamo	
  gli	
  occhi	
  al	
  cielo	
  ...	
  



Ammassi	
  di	
  galassie	
  
	
  
ogge]	
  piu’	
  massivi	
  dell’Universo	
  	
  
	
  
85%	
  materia	
  oscura;	
  13%	
  gas	
  caldo;	
  2%	
  
galassie	
  
	
  
interessan0	
  per	
  cosmologia	
  ed	
  	
  evoluzione	
  
galassie	
  
	
  
len0	
  gravitazionali	
  



ammassi	
  di	
  galassie	
  
e	
  macchine	
  per	
  radiografie	
  
hanno	
  speLro	
  molto	
  simile	
  



Le	
  osservazioni	
  X	
  degli	
  ammassi	
  di	
  galassie	
  
	
  
per	
  pesare	
  gli	
  ammassi	
  	
  
	
  
per	
  capirne	
  lo	
  stato	
  dinamico	
  	
  
	
  
per	
  misurare	
  la	
  temperatura	
  	
  
	
  
per	
  misurare	
  la	
  composizione	
  chimica	
  
	
  
per	
  studiare	
  l’interazione	
  del	
  gas	
  caldo	
  	
  
con	
  la	
  galassia	
  centrale	
  	
  
	
  
	
  	
  
	
  	
  



Nuclei	
  gala]ci	
  a]vi	
  (AGN	
  o	
  Quasar)	
  	
  

Al	
  centro	
  di	
  ogni	
  galassia	
  c’e`	
  un	
  buco	
  	
  nero	
  	
  
super	
  massivo	
  (1	
  milione	
  –	
  qualche	
  	
  miliardo	
  
di	
  soli).	
  	
  
	
  
Il	
  5%	
  di	
  ques0	
  buchi	
  neri	
  	
  sono	
  a]vi:	
  materia	
  
soLo	
  forma	
  di	
  disco	
  rotante,	
  cade	
  nel	
  buco	
  
nero	
  >>	
  emissione	
  di	
  alta	
  energia	
  .	
  	
  
	
  
Buco	
  nero	
  e	
  galassia	
  ospite	
  si	
  influenzano	
  a	
  
vicenda	
  in	
  un	
  processo	
  di	
  co-­‐evoluzione.	
  
	
  
	
  



Le	
  osservazioni	
  X	
  	
  degli	
  AGN	
  sono	
  	
  importan0	
  perche’	
  ci	
  permeLono	
  di	
  	
  dis0nguere	
  le	
  galassie	
  
a]ve	
  da	
  quelle	
  normali	
  molto	
  semplicemente.	
  
	
  
	
  



Grazie	
  al	
  loro	
  potere	
  di	
  penetrare	
  gas	
  e	
  polveri	
  
i	
  raggi	
  X	
  ci	
  portano	
  informazioni	
  sulle	
  regioni	
  
piu’	
  interne	
  vicine	
  al	
  buco	
  nero	
  centrale	
  .	
  	
  
	
  
	
  
la	
  galassia	
  del	
  Centauro	
  a	
  	
  diverse	
  lunghezze	
  
d’onda	
  

effeLo	
  compton	
  (inverso)	
  



2	
  0pi	
  di	
  osservazioni	
  :	
  	
  
	
  
	
  “osservazioni	
  puntate”:	
  si	
  sceglie	
  un	
  oggeLo	
  
par0colare,	
  si	
  fa	
  un	
  proposal;	
  quando	
  viene	
  
acceLato	
  si	
  punta	
  telescopio	
  ;	
  tempi	
  0pici	
  	
  
sono	
  10-­‐20	
  ore,	
  da0	
  sono	
  proprietari	
  per	
  	
  
circa	
  un	
  anno	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  “survey”	
  si	
  sceglie	
  una	
  zona	
  quasiasi	
  del	
  cielo	
  
e	
  la	
  si	
  osserva	
  per	
  studiare	
  le	
  proprieta’	
  sta0s0che	
  
di	
  una	
  popolazione	
  di	
  ogge]	
  .	
  tempi	
  0pici	
  sono	
  10	
  	
  
giorni	
  .	
  	
  
	
  
I	
  deep	
  fields	
  in	
  pa0colare	
  sono	
  osservazione	
  
profondissime	
  dello	
  stesso	
  campo.	
  	
  	
  	
  



I	
  gamma	
  ray	
  burst	
  (GRB)	
  
	
  
-­‐  esplosioni	
  piu’	
  energe0che	
  

dell’universo	
  
-­‐  sino	
  100	
  volte	
  piu`	
  poten0	
  di	
  una	
  

normale	
  supernova	
  
-­‐  in	
  pochi	
  secondi	
  emeLono	
  la	
  stessa	
  	
  	
  	
  

quan0ta’di	
  energia	
  che	
  una	
  galassia	
  	
  
emeLe	
  in	
  100	
  anni	
  	
  

-­‐	
  	
  	
  	
  scoper0	
  negli	
  anni	
  60,	
  fino	
  al	
  1997	
  	
  
	
  	
  	
  	
  	
  sono	
  rimas0	
  un	
  mistero	
  	
  
	
  
-­‐	
  emissione	
  di	
  sincrotrone	
  
	
  



Il	
  satellite	
  Beppo	
  SAX	
  (1996-­‐2003)	
  e	
  i	
  Gamma	
  ray	
  Burst	
  (GRB)	
  

Nel	
  1997	
  le	
  osservazioni	
  in	
  banda	
  X	
  del	
  
satellite	
  Beppo-­‐SAX	
  hanno	
  permesso	
  di	
  
iden0ficare	
  per	
  la	
  prima	
  volta	
  la	
  galassia	
  
dove	
  era	
  esploso	
  un	
  GRB	
  !	
  	
  
	
  
	
  	
  

-87 -61 -10 93 296 707 1520 3139 6405 12866 25731



	
  	
  La	
  risoluzione	
  spaziale	
  	
  di	
  un	
  telescopio	
  	
  	
  	
  	
  
quanto	
  e’	
  larga	
  l’immagine	
  di	
  una	
  sorgente	
  pun0forme	
  
	
  
e`	
  espressa	
  in	
  angoli	
  	
  (record	
  X	
  e’	
  0.5”,	
  record	
  o]co	
  0.2”)	
  
	
  
regola	
  la	
  capacita`	
  di	
  dis0nguere	
  due	
  ogge]	
  vicini	
  	
  
	
  
	
  



	
  	
  La	
  risoluzione	
  spaziale	
  	
  di	
  un	
  telescopio	
  	
  	
  	
  	
  
regola	
  la	
  bellezza	
  di	
  un	
  immagine	
  (la	
  quan0ta`	
  di	
  deLagli)	
  
	
  
	
  
	
  

5	
  arcosecondi	
  	
   0.5	
  arcosecondi	
  	
  



	
  	
  La	
  risoluzione	
  spaziale	
  	
  di	
  un	
  telescopio	
  	
  	
  	
  	
  
regola	
  l’accuratezza	
  con	
  cui	
  possiamo	
  misurare	
  la	
  posizione	
  di	
  un	
  determinato	
  oggeLo	
  
	
  
	
  



Facciamo	
  il	
  punto	
  :	
  	
  
	
  
	
  3	
  diversi	
  	
  ogge]	
  che	
  emeLono	
  raggi	
  X	
  (ce	
  ne	
  sono	
  mol0	
  altri,	
  ma	
  li	
  vedremo	
  dopo	
  ...)	
  
	
  
	
  	
  	
  	
  	
  	
  ammassi	
  di	
  galassie	
  
	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  Quasars	
  (o	
  AGN)	
  
	
  	
  	
  	
  
	
  	
  	
  	
  	
  Gamma	
  ray	
  bursts	
  	
  	
  	
  
	
  
3	
  diversi	
  meccanismi	
  di	
  produzione	
  dei	
  raggi	
  X	
  	
  
	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  brehmsstralung	
  
	
  
	
  	
  	
  	
  	
  	
  compton	
  scaLering	
  (inverso)	
  
	
  
	
  	
  	
  	
  	
  	
  sincrotrone	
  
	
  
Per	
  queste	
  3	
  classi	
  di	
  ogge]	
  (e	
  molte	
  altre)	
  le	
  osservazioni	
  X	
  ci	
  hanno	
  dato	
  informazione	
  uniche;	
  
	
  
I	
  raggi	
  X	
  sono	
  stai	
  scoper8	
  nel	
  1895;	
  l’astronomia	
  x	
  nasce	
  nel	
  1962.	
  
Perche`	
  abbiamo	
  aspeDato	
  tanto	
  a	
  guardare	
  il	
  cielo	
  	
  a	
  raggi	
  X	
  ?	
  



Primo	
  problema:	
  
	
  la	
  radiazione	
  X	
  viene	
  assorbita	
  dall’atmosfera	
  terrestre	
  	
  

Soluzione:	
  	
  rivelatori	
  su	
  razzi,	
  palloni	
  e	
  satelli0	
  	
  



La	
  nascita	
  dell’astronomia	
  X	
  
	
  
18	
  Giugno	
  1962	
  	
  
	
  
3	
  contatori	
  geiger	
  monta0	
  su	
  un	
  missile	
  
6	
  minu0	
  di	
  osservazione	
  
rivelata	
  la	
  prima	
  sorgente	
  X	
  astronomica	
  
1000	
  volte	
  piu’	
  brillante	
  del	
  sole	
  >>	
  	
  
	
  >>	
  implica	
  diverso	
  fenomeno	
  fisico	
  !	
  
	
  



	
  
	
  

2767 2785 2821 2894 3038 3329 3904 5050 7362 11936 21042

Secondo	
  problema:	
  fare	
  un’immagine	
  del	
  cielo	
  X	
  per	
  trovare	
  la	
  sorgente	
  !	
  	
  

le	
  prime	
  osservazioni	
  X	
  sono	
  come	
  fotografie	
  faLe	
  senza	
  l’obie]vo	
  !!	
  	
  	
  



	
  
	
  
La	
  risoluzione	
  spaziale	
  delle	
  immagini	
  o]che	
  deriva	
  	
  
dalla	
  possibilita`	
  di	
  focalizzare	
  la	
  radiazione	
  incidente	
  
con	
  l’uso	
  di	
  specchi.	
  	
  
	
  
Non	
  esistono	
  	
  specchi	
  o	
  len0	
  per	
  i	
  raggi	
  	
  X	
  
	
  
Giacconi	
  e	
  Rossi	
  (1960)	
  inventano	
  il	
  telescopio	
  X,	
  
che	
  sfruLa	
  l’effeLo	
  radente.	
  
	
  
Prima	
  immagine	
  X	
  e`	
  del	
  1965	
  	
  
	
  
	
  
	
  



Sco	
  X-­‐1	
  si	
  e’	
  scoperto	
  essere	
  un	
  sistema	
  binario	
  
	
  
Composto	
  da	
  un	
  oggeLo	
  compaLo,	
  stella	
  di	
  neutroni	
  
	
  
Ed	
  una	
  stella	
  “normale”	
  
	
  

Con	
  gli	
  anni	
  si	
  e’	
  scoperto	
  che	
  ques0	
  sistemi	
  
(XRB)	
  sono	
  molto	
  comuni	
  in	
  tuLe	
  le	
  galassie	
  	
  	
  



Le	
  sorgen0	
  piu`	
  comuni	
  nelle	
  galassie	
  sono	
  X-­‐ray	
  binaries	
  	
  

ngc3627	
  



Istruzioni	
  per	
  la	
  costruzione	
  di	
  un	
  telescopio	
  per	
  raggi	
  X	
  	
  

Il	
  telescopio	
  XRT	
  e`	
  stato	
  costruito	
  qui	
  all’osservatorio	
  di	
  Brera	
  alla	
  fine	
  degli	
  anni	
  ‘90	
  	
  
	
  
Fa	
  parte	
  di	
  una	
  missione	
  NASA	
  lanciata	
  il	
  20	
  Novembre	
  2004	
  	
  	
  
	
  
E’	
  ancora	
  opera0vo	
  e	
  perfeLamente	
  funzionante	
  in	
  orbita	
  a	
  500	
  Km	
  da	
  terra	
  e	
  con0nua	
  ad	
  
osservare	
  i	
  gamma	
  ray	
  bursts	
  	
  



Lo	
  stato	
  dell’arte	
  :	
  	
  	
  
	
  
l’europeo	
  XMM	
  –	
  Newton	
  	
  
	
  
l’americano	
  AXAF	
  -­‐	
  Chandra	
  	
  

In	
  50	
  anni	
  i	
  telescopi	
  X	
  hanno	
  migliorato	
  
le	
  prestazioni	
  di	
  un	
  faDore	
  paragonabile	
  
ai	
  miglioramen8	
  dei	
  telescopi	
  o*ci	
  da	
  
Galileo	
  fino	
  ai	
  giorni	
  nostri.	
  
	
  



Il	
  satellite	
  NuStar	
  lanciato	
  nel	
  2012	
  per	
  la	
  prima	
  volta	
  usa	
  telescopio	
  oltre	
  i	
  10	
  keV	
  !	
  	
  	
  



Il	
  futuro	
  :	
  2028	
  la	
  missione	
  europea	
  ATHENA+	
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2.1.3. Feedback in clusters of galaxies 

!e mechanical energy carried by jets from central AGN is now believed to control hot-gas cooling in massive 
ellipticals and groups and clusters of galaxies via a feedback loop in which jets heat the hot gas, suppressing star 
formation and regulating their own fuel supply. Current X-ray observations have revealed compelling evidence for such 
AGN feedback (e.g. McNamara & Nulsen 2007). In detail, however, there is a complex interplay between cooling and 
heating. !e physics of how the balance between these processes is established and maintained, and how it evolves with 
time, is poorly understood. Athena+ will make the "rst kinematic measurements on small spatial scales of the hot gas in 
galaxy, group and cluster haloes as it absorbs the impact of AGN jets. Combined with vastly improved ability to map 
thermodynamic conditions on angular scales well-matched to the jets, lobes and gas disturbances produced by them, 
this will provide answers to two key outstanding questions: how energy input from jets is dissipated and distributed 
throughout the ICM, and how the energy balance between cooling and heating is maintained and established in 
regions where the most massive galaxies are being formed.  

 
Figure 4: Simulated Athena+ observations of the Perseus cluster, highlighting the advanced capabilities for 
revealing the intricacies of the physical mechanisms at play. !e le# panel shows a simulated 50ks X-IFU 
observation (0.5-7 keV), displayed on a log scale. !e spectrum on the right is from the single 5"×5" region marked by 
the box, with the existing Chandra ACIS spectrum for comparison. !e inset shows the region around the iron L 
complex. With such observations velocity broadening is measured to 10-20 km s-1, the temperature to 1.5% and the 
metallicity to 3% on scales <10kpc in 20-30 nearby systems, and on <50kpc scales in hundreds of clusters and groups. 
Such measurements will allow us to pinpoint the locations of jet energy dissipation, determine the total energy stored 
in bulk motions and weak shocks, and test models of AGN fuelling so as to determine how feedback regulates hot gas 
cooling. 
 
!e X-IFU will map velocity structures and gas conditions on kpc-scales in the cores of galaxy groups and clusters 
where feedback is regulating cooling. !e locations of heating and cooling will be pinpointed for the "rst time and the 
energy dissipation determined (Figure 4). With the WFI it will be possible to carry out the "rst population studies of 
the AGN-induced ripples, disturbances and weak shocks that are assumed to distribute the jet energy isotropically (e.g. 
Fabian et al. 2003), relating the mechanical energy stored in these disturbances, and its subsequent dissipation, to the 
environmental and AGN properties across a wide mass range. In addition to establishing the microphysics of AGN 
heating for the "rst time, Athena+ also has the potential to determine how the AGN fuelling process is linked to the 
thermodynamical properties of the hot gas that absorbs the jet energy input, as is required if a self-regulated feedback 
process operates to suppress gas cooling and star formation. With an e%ciency more than two orders of magnitude 
higher than the XMM-Newton RGS, the X-IFU will determine the gas cooling rates across a wide temperature range 
on spatial scales matched to the " lamentary nebulae of cooler material observed to coincide with the regions of 
strongest X-ray cooling (e.g. Crawford et al. 1999). X-IFU measurements of the dynamics of the hot gas in the vicinity 
of the " laments will establish whether their motions are correlated, and distinguish locations where " laments are 
evaporated by the hot gas, where gas is thermally unstable to cooling and where mixing and possibly charge exchange 
are occurring, thus determining the relative importance of these processes. !e role of AGN-induced turbulence in 
seeding thermal instabilities will be investigated via population studies, and robust jet power estimates from total 
mechanical energy input can be compared with accretion rates from hot and cold accretion models for the "rst time. 
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4.2. Athena+ performance 
!e Athena+ telescope delivers a throughput a factor ~10 larger than XMM-Newton and almost a factor 100 larger 
than Astro-H at low energies (and more than a factor 10 larger at high energies), coupled with major improvements in 
focal plane instrumentation, including the use of a large format microcalorimeter to provide high-resolution 
spectroscopic imaging and an advanced Si-sensor to provide wide-"eld imaging with spectroscopic capability and a 
combination of high time resolution and count-rate capability. We have selected a few key comparisons to illustrate 
Athena+ performance in Figure 11. 

 
Figure 11: Athena+ scienti"c performance. Le!: Figure of merit for weak spectral line detection of X-ray high-
spectral resolution spectrometers, derived from the number of counts per independent spectral bin. !e gratings line 
represents the best of the current XMM-Newton or Chandra grating at each energy. Centre: Number of sources per 
logarithmic #ux interval expected in single Athena+ WFI pointings at high Galactic latitudes compared to Chandra 
and XMM-Newton. Right: Grasp of previous, operational and planned missions as a function of angular resolution. 
Grasp is de"ned as the product of e$ective area at 1 keV (10 keV for NuSTAR) and the instrument "eld of view. 
 

4.3. Mission profile 
Preliminary industrial designs for the Athena+ spacecra% are shown in Figure 12. Like Athena, it is a conventional 
design retaining much heritage from XMM-Newton. Considerations of observing e&ciency and thermal stability 
favour an L2 orbit reached by Ariane V.  !e initial industrial assessments performed for this White Paper indicate very 
safe mass and power budget margins.  

 
Figure 12: Athena+ spacecra# designs. Le!: Athena+ Astrium-UK satellite designs provided in the context of this 
White Paper. Right: Same for !ales-Alenia. For the Astrium design the interchangeable instruments are shown at 
the bottom, whilst the optics module is at the top and the solar panels will be unfolded. For the !ales-Alenia design 
the solar panels are body mounted and the optics module, with its unfolded cover and sunshield are visible. 
 

Mission and science operations are conventional with community-based instrument and science data centre teams 
providing further support to ESA, as required. Athena+ is an observatory whose program will be largely driven by calls 
for proposals from the scienti"c community, but may be complemented by key programs for science goals requiring 
large time investments. A nominal mission lifetime of 5 years would allow the core science goals set out in this White 
Paper to be achieved, while preserving a large fraction of the available time for broad based science programs.  

Strong international interest in the mission has been expressed, based on the earlier collaborations with Japan (JAXA) 
and the US (NASA/GSFC, NIST) for IXO and Athena.  !ese contributions could potentially reduce the costs to ESA 
and/or the ESA Member States, but Athena+ can be implemented independently by Europe alone. 

Athena+ XIFU
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Gratings
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hLp://imagine.gsfc.nasa.gov/docs/introduc0on/xray_informa0on.html	
  
hLp://chandra.harvard.edu/edu/chandra101.html	
  
	
  
	
  
	
  

The	
  ini8al	
  mo8va8on	
  of	
  the	
  experiment	
  which	
  led	
  to	
  this	
  
discovery	
  was	
  a	
  subconscious	
  feeling	
  for	
  the	
  inexhaus8ble	
  
wealth	
  of	
  nature,	
  a	
  wealth	
  that	
  goes	
  far	
  beyond	
  the	
  
imagina8on	
  of	
  man.	
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