
XMM/RGS: Cumula.ve spectrum of 30 X‐ray bursts 

(Co>am, Paerels, & Mendez, 2002, Nature, 420, 51) 
If correct iden/fica/on: gravita/onal redshi8! 

       z = 0.35 

Photospheric X‐ray absorp.on spectrum from surface of neutron star (?) 
First two pages: a few extra comments on the Curve of Growth (Jelle’s lecture) 



Also: slow spin (fortuitous)!  
 ν = 45 Hz, Villareal & Strohmayer, 2004, ApJ, 614, L121  

Curve of growth for Fe XXVI n=2‐3 (absorbing layer approxima.on) 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Column density of Fe XXVI in n=2 



5. High Resolu.on Spectroscopy 

Frits Paerels(1), Jelle Kaastra(2), and Randall Smith(3) 

(1)  Columbia University 
(2)  SRON Utrecht 

(3)  Harvard‐Smithsonian CfA 

First Astro‐H Science Summer School 
Minakami Onsen, August 19‐21, 2010 



Part 1:  
 High Resolu.on Spectroscopy 
 Historical Precedent: gra.ng spectroscopy with Chandra and XMM 
 Types of Equilibrium: simple diagnos.cs 
 Basics of He‐triplet Spectroscopy 
 T‐diagnos.cs: collisional and radia.on‐dominated plasmas 

Brief Break 

Part 2: 
 n‐diagnos.cs 
 Non‐equilibrium situa.ons 
 Radia.ve transfer issues 

NB: I will be discussing emission spectroscopy; Jelle will address absorp.on 



What is ‘high’ in ‘high resolu.on’ ? 

Fano‐limited CCD 

Chandra and XMM gra.ngs 

5 eV μCal  



Historical Context 
A few crystal spectrometer experiments; most notably Einstein FPCS (Canizares, MIT); 
First ‘resolved’ spectroscopy in X‐ray astronomy (resolve elements, charge states) 

Winkler et al., ApJ, 246, L27 (1981)  He‐like Ne n=1‐2             n=1‐3                   

H‐like Ne Lyα 

H‐like O Lyβ,γ,δ 

Fe XVII (Ne‐like) 2p‐3s      2p‐3d                                            2p‐4d 



But FPCS was inefficient.  
Einstein and EXOSAT had transmission gra.ng spectrometers;  

   likewise: novel, but inefficient 

ASCA was the first ‘general purpose’ spectrometer; CCDs resolve element, ioniza.on 
 stage, and some further spectral detail  

Kawashima and Kitamoto, 
PASJ, 48, L113 (1996) 



Truly general purpose, fully resolved astrophysical spectroscopy (but point sources only!): 
Gra.ng spectrometers in Chandra, XMM: 

W
atanabe et al., A

pJ, 651, 421 
(2006)   

NB: 5 eV microcalorimeter spectrum will appear almost the same!  



Types of Equilibrium 

Very roughly: collisional, and radia9on‐driven plasmas 

‘hot gas’  
(unspecified energy source) 

Cool, recombining plasmas 

Very simple, robust spectroscopic signature of recombining plasma: 
 Radia/ve Recombina/on Con/nua (RRC) 

E = 0 

χ 

Collisional equilibrium 

free electrons: 
    kT ~ χ 

E = 0 

χ 

Photoioniza.on equilibrium 

free electrons: 
    kT << χ 



RRC’s in Cygnus X‐3 

H‐like S ioniza.on edge 



Cygnus X‐3 with Chandra HETGS 

Paerels et al., A
pJL, 533, L135 (2000)  

Fully resolved RRC’s;  
Width ΔE ~ kTe ~ few eV 



Another simple diagnos.c to discriminate between collisional excita.on and 
 recombina.on or charge exchange: the ‘series decrement’ 

Collisional excita.on makes n=1‐2 (for example), but can only make much less n=1‐3, 4, 5… 
 so flux ra.o’s (3‐1)/(2‐1), (4‐1)/(2‐1), … (the ‘decrement’) small 

Both recombina.on and charge exchange populate higher‐n levels more effec.vely, 
 leading to rela.vely stronger higher‐order series members (‘flat decrement’).  

Wargelin, Beiersdorfer, Brown,  
Can.J.Phys., 86, 151 (2008) 



Basics of He‐like ‘Triplet’ Spectroscopy 
write total wavefunc.on as product ψ(spa.al).ψ(spin) = ψ(l1,l2).ψ(s1,s2)  

Gabriel and Jordan, 1969, MNRAS, 145, 241 

Two electrons: can have | >, |>, |>, |>. But these are not  
all eigenstates of J. Eigenstates of J are:  
|>, |>, |> + |> (symmetric in the spins, total spin 1) ‘triplet’ 
|> − |> (an.symmetric in the spins, total spin 0) |      ‘singlet’ 

Ground: space‐symmetric, must be spin‐ 
an9symmetric, so s = 0 (2s+1 = 1; singlet) 

1s 2p; L = l1 + l2 = 1, so: P ; 
four electron spin possibili.es 

triplet 

singlet 

‘forbidden line’ (z) 
(LS forbidden) 

‘intercombina.on line(s)’ (xy) 
(between triplet and singlet 
States; involves spin flip) 

‘resonance line’ (w) 

He‐like ion 



Wavelengths for the ‘triplets’ 
Courtesy M

asao Sako (U
Penn) 



Appearance of the triplets: example: OVII in Capella with Chandra HETGS 

Canizares et al., 2000, ApJL, 539, L41  

R           I          F 
w         x,y       z     

First thing to note: resonance line is bright 
 in collisional equilibrium plasmas 



Spectroscopic power of He‐like triplet spectroscopy due to 
the fact that upper levels for w, x,y, and z populated mostly  
by different mechanicsms, with different temperature dependence 

Example: coronal (collisional) equilibrium:  
CX to 1s2p 1S0 dominates over recombina.on to 1s2p 3P, 1s2s 3S1 
NB: z not collisionally excited for ~ same reason it’s radia.vely forbidden! 

We will see many more applica/ons of He‐like triplets as we go along 



Electron Temperature Diagnos/cs 
Collisional plasmas:     Fe L ioniza.on balance 

         He‐like (I+F)/R ra.o 
         dielectronic satellites 
         direct ion thermal velocity spectroscopy 

Fe L ioniza.on balance: simple‐ ioniza.on states range from 2x106‐3x107 K 
Fe L lines are bright !  

Based on A
rnaud and Raym

ond, A
pJ, 398, 394 (1992) 



Appearance of the Fe L collisional spectrum; Capella/XMM‐Newton RGS 
Behar, Co>am, and Kahn, ApJ, 548, 966 (2001) 



(something similar is true for photoioniza.on equilibrium‐  
 but balance is usually ‘messier’‐more ioniza.on stages simultaneously present) 

Photoioniza.on equilibrium balance for E‐1 powerlaw photon spectrum; 
Kallman and McCray, ApJS, 50, 263 (1982) 



Electron temperature from He‐like triplet spectroscopy 
Porquet & Dubau: Photoionized plasma diagnostics with He-like ions 13
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Fig. 7. G (=(x+y+z)/w) is reported as a function of electronic temperature (Te) for Cv, Nvi, Ovii, Ne ix, Mgxi,
and Sixiii in the density range where G is not dependent on density (see §3.2). The number (m) associated to each
curves means Xion=10m, where Xion is the ratio of H-like ions over He-like ions. As an example for Oxygen (Z=8) it
corresponds to ratio of the relative ionic abundance of Oviii/Ovii ground state population.

Upper levels of the resonance, 
and forbidden+intercombinaton 
lines mostly populated by collisional 
excita.on, and recombina.on, 
respec.vely. CX and RR+DR have 
different Te‐dependence: 

ra.o G = (x+y+z)/w is Te‐sensi.ve: 
High Te favors CX 

Careful: blending with other 
transi.ons may bias simple measurement 
of G. Need to model emission spectrum, 
in prac.ce. 

Porquet & Dubau, A&AS, 143, 495 (2000) 

105  106  107 

Different curves are for different ra.o’s of  
H‐to He‐like ion densi.es; allows for devia.ons 
from pure CIE. Lowest curve is pure CIE; 
higher curves apply to photoioniza.on 
cases. 



Electron temperature from Dielectronic Satellite Transi.ons 

free e‐ 

photon 

dielectronic recombina.on 

Presence of ‘spectator electron’ shi�s levels 
a li>le bit (Coulomb shielding of nuclear field): 
the emission line will be slightly to lower 
energy as compared to equivalent line in 
ion +z: dielectronic ‘satellite’ to line in ion +z 

Ion stage  +z 
(e.g. He‐like) 

Ion stage  +(z‐1) 
(e.g. Li‐like) 



Resonance line w will be collisionally excited, the dielectronic satelite 
 excited by DR; both processes different Te sensi.vity: Te diagnos/c 

Also: both line emissivi/es scale with ne nHe‐like: no dependence on ion balance! 

Bi>er et al., PRL, 43, 129 (1979) 

Example: He/Li‐like Fe, 
thermal plasma at 1.65 and 2.30 keV 

DR satellites to w 



Photoionized and Recombining  Plasmas: electron temperature from 
                                                       shape of the RRC 

NGC 1068 with XMM‐Newton RGS;  
Kinkhabwala et al., ApJ, 575, 732 (2002) 

Shape of RRC directly maps out 
shape of the free electron 
Maxwell distribu.on! 



Thermal Doppler width of Lyα (rms): 

32 + 72 = 7.62    so this is feasible with Astro‐H in the Fe K band at kTe ~ 10 keV
; 

       but not at lower Z (e.g. Si K width is sub‐eV at T8 ~ 0.1) 

Need to know the shape of the response to reasonable accuracy 
(this example suggests ~< 5% of the width of the response) 

Direct Ion thermal Doppler Broadening Spectroscopy 
m: ion mass 
Z: nuclear charge 
R: Rydberg energy 



Electron Density Diagnos/cs 

   F/I ra.o in He‐like triplets  At high density, or in presence 
of intense UV field (1630 Å for  
He‐like O; shorter for higher‐Z 
elements):  
popula.on of upper level of z 
shi�s to upper level of x,y: 

ra/o z/(x+y) is density diagnos/c  
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Fig. 8. In case of pure photoionized plasmas (i.e. RR dominant at low temperature and DR dominant at high temper-
ature), ratio R (=z/(x+y)) is reported as a function of ne for Cv, Nvi, Ovii, Ne ix, Mgxi, and Sixiii at different
electronic temperatures (Te in Kelvin). For low temperatures (the two first reported here: solid curves and dot-dashed
curves), the value of R is independent of the value of Xion. As the temperature increases, Xion is high enough to
maintain recombination dominant compared to collisional excitation from the ground level: ∼ 102 and 103−4 (for
increasing temperature: respectively for long-dashed curves and short-dashed curves).Porquet & Dubau, A&AS, 143, 495 (2000) 

ra.o R = z/(x+y) 

R is weakly Te‐dependent  

6  7  8  9  10   12   14  log ne (cm
‐3) 



Non‐equilibrium Situa/ons 

We discussed non‐equilibrium plasmas yesterday; what are the spectroscopic 
 diagnos.cs of devia.ons from equilibrium? (*) 

NB: discuss only devia.ons from ioniza.on equilibrium; devia.ons from  
 kine.c equilibrium (Ti‐Te; nonthermal electrons; cosmic rays, …) out of 
 scope (e.g. collisionless shocks, feebleness of Coulomb interac.ons, …). 

Ionizing plasmas: ioniza.on balance too low for prevailing electron temperature 
                   (or photoioniza.on parameter ξ) 

Rough criterion:  
 low densi.es means: low collision frequency: 
 ioniza.on balance lags. Typically reach ioniza.on 
 equilibrium for ne t > 10

12 cm‐3 sec (depends on ion) 

Examples: young supernova remnants; stellar flares; IGM, … 

(*) simplest diagnos.c: if con.nuum gives Te, compare to ioniza.on balance….; trivial. 



In the IGM, ne is so low that equilibrium .mescales may be longer than the age of the Universe! 

Average baryon density at z = 0: n = 2 x 10‐7 cm‐3 



Innershell excita.ons in (rela.vely) low charge ions  
Example: excita.on of n=1‐2 in Be‐, Li‐, and He‐like Fe (EBIT experiment)  

Also: He‐like triplet shows only w, no x,y,z! no recombinaGons (yet) 

D
ec
au
x 
et
 a
l.,
 A
pJ
, 4
82
, 1
07

6 
(1
99

7)
 

β: 1s2 2s2 – 1s 2p 2s2  (Be‐like) 
q: 1s2 2s  − 1s 2p 2s  (Li‐like) 

All of this will be resolved by Astro‐H 



Recombining plasmas: ioniza.on balance too high for prevailing electron temperature 
                   (or photoioniza.on parameter ξ) 

Looks like a photoionized plasma:  

 He‐like triplets will show bright x,y,z, compared to w;  
 May see RRC’s, if the plasma is cool enough. 

XMM‐RGS NGC 1068 again 

bright z; faint w  



Recombining plasma in SNR IC 443 with Suzaku (?!) 

Yamaguchi et al., ApJL, 705, L6 (2009) 

H‐like Mg, Si, and S RRCs 



Radia/ve Transfer Issues 
Plasmas of interest may be op.cally think in strong resonance lines 
Two effects may be observable:  

 (1) sca>ering of resonance line photons 
 (2) sca>ering of con.nuum photons by strong resonance transi.ons 

Lines with the highest (oscillator strength) x (astrophysical abundance): 
 He‐like w in O and Fe; Fe XVII 2p‐3d 15.014 Å (826 eV) 

Maybe in clusters; ellip.cal galaxies; Type II AGN with ou�low 

(1)  Resonance sca>ering in spherically symmetric diffuse source:  
   photons sca>ered out of line of sight compensated by photons sca>ered  
   into line of sight further out (gas density low: no collisional destruc.on 
   of photons, so total photon luminosity must be conserved): 

 image in resonance line photons will appear wider than image in  
   op9cally thin radia9on; but need angular resolu9on to see this! Not just 
   spectral resolu9on! 



(2) Sca>ering of con.nuum photons on strong resonance transi.ons in anisotropic 
   situa.ons (e.g. AGN ou�low exposed to central con.nuum) 

   Will appear to enhance resonance lines; effect depends on velocity gradients! 

Most extreme example: sca>ering of the X‐ray background con.nuum by  
 intergalac.c OVII w – if you can resolve most of the point sources that make 
 the background!  

Finally: Compton and Raman scafering of line photons (in prac.ce: Fe lines‐ 
 sca>ering medium likely to be photoelectrically opaque at lower energies) 

This will happen ‐ we have seen it in X‐ray binaries! 
 Analysis will reveal op.cal depth, electron temperature, angular distribu.on 
 of sca>ering electrons/H‐atoms, as seen from line source. 

 May give novel constraints on ‘cold reflec.on’ in AGN‐ important for  
 rela.vis.cally distorted Fe emission lines (black hole spin, …) 



Compton ‘shoulder’ on Fe K  
(GX301‐2, Chandra HETGS) 

(Courtesy Masao Sako,then Stanford; 
  analysis: Watanabe et al., ApJL, 597, L37 (2003) ) 

Width = 2 C (electron)!!  (NB: plot against wavelength if you suspect Compton 
           sca>ering!!)  

Compton’s original experiment, in an astrophysical source… 



Quiz: A Gallery of He‐like Triplets 

What condi.ons produce 
these triplet spectra? 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