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Hα Hβ Hγ Hδ 

Wavelength (Å) 

NB:  1 Å = 10‐8 cm 
 E = hc/λ: E(keV) = 12.3985/λ(Å) 

Astrophysical X‐ray band: 0.1‐100 keV ( > 10 keV ‘hard X‐rays’, no atomic spectroscopy) 
                                              0.1‐10 keV corresponds to ~1‐100 Å 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Spectrum provides precise informaLon on ‘local’ condiLons in the plasma 

 element, ionizabon stage, ionizabon mechanism, temperature, density, 
 degree of relaxabon and past history,  
 velocibes (thermal, turbulent, bulk, nonthermal), E and B fields, … 

In this talk, I will concentrate on the basics: how, what, why of the spectrum‐ 
 before you aSempt some sort of ‘global fit’ or ‘model fit’ 



For Reference: Current Instrumentabon 

Chandra X‐ray Observatory 
HETGS (High Energy Transmission Grabng  

       Spectrometer) 
LETGS (Low Energy Transmission Gr…) 

XMM‐Newton 
RGS (Reflecbon Grabng Spectrometer) 

and CCD spectrometers on Chandra, XMM‐Newton, Suzaku, and Swi7 



Resolving Power 

Chandra LETGS 

Chandra  
HETGS 

ΔE = 2 eV 
Micro‐ 
calorimeter 

CCD 

XMM RGS 



‘real’ spectroscopy only since 2000  
(Chandra and XMM diffracLon graLng spectrometers) 

Kitamoto et al. (1994) 

Paerels et al. (2000) 

Cygnus X‐3 with ASCA CCDs and Chandra HETGS  



WAVELENGTH OR PHOTON ENERGY ? 

Diffracbon grabngs: Δλ constant 
Ionizabon detectors, calorimeters: ΔE constant or slow funcbon of E 

                 (see tomorrow’s lecture) 



DetecLon and IdenLficaLon 

X‐ray spectra, between neutral fluorescent n=2‐1, and H‐like n=1‐∞ 

Never leave home without the Bohr model! 



DetecLon and IdenLficaLon: What are you looking at? 
Atomic Structure, energy levels  
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Transibons should properly be called Lyα,β,γ,…, Hα,β,… 



DetecLon and IdenLficaLon  



DetecLon and IdenLficaLon 

He‐like ions: 

Gabriel and Jordan, 1969, MNRAS, 145, 241 

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

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

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

triplet 

singlet 

‘forbidden line’ (z) 
(LS forbidden) 

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

‘resonance line’ (w) 



H‐ and He‐like ions in pracLce: wavelengths 

Calculate structure of mulb‐electron ions: e.g. 
HULLAC (Hebrew Univ. LLNL Atomic Code), M. Klapisch et al.,2007, AIP Conf. Proc., 926, 206  
FAC (Flexible Atomic Code), M. F. Gu,2003, ApJ, 582, 1241 and lots of experimental work!  
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W
atanabe et al., A

pJ, 651, 421 (2006)   
Li‐like ions, and below: Fluorescence 



Fluorescence 

•  General dependence of line wavelengths on charge state obvious 
•  all strong transibons for all charge states located in a relabvely narrow band 

 (unique to X‐ray band!) 
•  fluorescence can be induced by anything that knocks out innershell electrons 

 (fast electrons, photons, cosmic rays)  
•  fluorescence yield very strongly dependent on Z (0.34 for neutral Fe);  

 light elements don’t fluoresce brightly‐ but in presence of steep 
 ionizing spectrum, can sbll get comparable fluorescent intensibes 

•  careful with wavelengths: fluorescent photon energy depends on  
energy of upper level (usually n=2) – sensibve in principle to 
Ionizabon (see Vela X‐1 spectrum), but also chemical state (molecules, 
solid compounds). Many lab measurements based on solids! 



The Fe L series (electrons in n=2): Li‐like to Ne‐like (XXIV to XVII) 

Capella; XMM‐Newton RGS; Behar, Co{am, & Kahn, 2001, ApJ, 548, 966   



Line strengths 

Transibon probability, to first order: 

   | < final state | Hpert | inibal state > |
2      (a.k.a. ‘Fermi’s Golden Rule’) 

Absorpbon and emission of radiabon: 

For Hpert, insert interacbon of bound electron with external radiabon field; 

expand the exponenbal (‘mulbpole expansion’); 
    

the final and inibal states can be approximated by the stabonary 
   states of the unperturbed H (and that brings in the angular  
   momentum and the selecbon rules) 

‘permi{ed, forbidden’ transibons 



Line strengths 

Dipole term: transibon rate: 

(sec‐1) 

ω ~ 1.6 x 1016 Z2 Hz (Ly α) 

 An’n ~  1.6 x 10
9 Z4 f   sec‐1 

f: oscillator strength; for electric dipole n=1‐2: f ~ 1; n=1‐3: f  ~ 0.1 

Einstein A, B’s 



Line strengths 

Line flux (or intensity) 
Frequently more useful: equivalent width  

 (‘contrast’ against conbnuum; extends to absorpbon spectra; 
 independent of instrumental resolubon!) 

Easily converted with dλ/λ = dE/E = dν/ν = v/c;  
 so also quoted as a velocity width   

Emission: 

Absorpbon: flip the signs 



Line strengths: absorpLon 

Instrucbve example: transmission of conbnuum thru uniform slab 

Opbcal depth 

Ion column density (cm‐2) 

Absorpbon/sca{ering cross secbon (cm2) 

Get this from classical damped harmonic oscillator! 

Oscillator strength (classically, f=1) 

Normalized profile 

(cf. Rybicki and Lightman, 
Radiabve Processes in 
Astrophysics) 



Line strengths: absorpLon 

Line profile:  

Single ion: Lorentzian, with characterisbc width given by the  
 lifebme of the upper level involved in the transibon 
 (‘natural broadening’, or ‘damping’) 

and any other process 
that limits the life>me 
(e.g. collisions) 

Broadening by radial velocibes of ions, e.g. thermal velocibes: 
Gaussian profile 

Thermal Doppler width 

and any other process that 
produces a velocity  
broadening (e.g. turbulence) 



Line strengths: absorpLon 

General profile: convolubon of Lorentzian with Gaussian: Voigt 
Parameter: rabo of damping width to Doppler width 

From Carroll and Ostlie: Introducbon to Modern Astrophysics 

saturabon 

‘damping wings’ 



Line strengths: absorpLon 

Analybc behavior easy to understand: 
•  τν0 << 1: EW linear in Ni (all atoms absorb) 
•   τν0 ≈ 1: saturabon; EW stalls at the Doppler width 
•   τν0 >> 1: damping wings become opbcally thick; EW goes as Ni

1/2 

Saturabon! 

EW as funcLon of column density: ‘curve of growth’ 

Beware of saturabon! If unresolved, lines look normal, but are in fact black 



DetecLon and IdenLficaLon:  
Spectroscopic Consistency vs. formal significance 

Buote et al., arXiv:0901.380 

Intergalacbc absorpbon at z = 0.03 (Sculptor Wall) towards H 2356‐309 



Case Studies 
Interstellar absorpbon towards X‐ray binary Cygnus X‐2 
(Yao et al., arXiv:0902.2778v1) 

Why no Ne I Kα ? 

Why no O VII w ?? 

Chandra HETGS 



Case Studies 
Interstellar/Intergalacbc absorpbon towards blazar PKS2155‐304 (z=0) 
(Williams et al., et al., 2007, ApJ, 665, 247) 

OVII n=1‐2 OVII n=1‐3 
OVII n=1‐4 

Chandra LETGS, two different focal plane detectors 



State of absorbing gas towards PKS2155‐304: hot ISM, hot GalacLc halo,  
Hot gas in the Local Group: 

Curve of growth for 
O VII n=1‐2,3,4 

For unsaturated lines: EW depends linearly on N, independent of b (Doppler broadening); 
Here, n=1‐2 evidently saturated. To get EW right for both n=1‐2 and n=1‐3 requires 
adjusbng both N and b. In this case, requires gas temperature T ~ 2 x 106 K! 



Nicastro et al., 2005, ApJ, 629, 700 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NGC 1068 (Seyfert 2); XMM‐Newton RGS; Kinkhabwala et al., 2002, ApJ, 575, 732 

Emission from X‐ray photoionized gas 



CX, high n (or UV): 
Massive stars 

The various faces of the He‐like triplets: 
Four examples of O VII n=1‐2 

Capella, Chandra HETGS: 
CX, low density 

ζ Pup, 
XMM RGS 
CX, high density 

NGC 1068, RGS 
XP, low density 

EXO0748‐676, RGS 
XP, high density 



Resources: 

•  S. M. Kahn: So7 X‐ray Spectroscopy of Astrophysical Plasmas, in  
 High‐energy spectroscopic astrophysics (Saas‐Fee Advanced Course 30), 
 Springer, Berlin (2005). Compact and complete primer on atomic physics 
 for X‐ray spectroscopy. 

•  R. W. P. McWhirter: The contribu>on of laboratory measurements to the  
 interpreta>on of astronomical spectra (Saas‐Fee Advanced Course 5), 
 Geneva Observatory (1975). Out of date of course, but very readable, and  
 an excellent ‘primer’ in X‐ray emi�ng collisional plasmas. 

•  Jelle Kaastra et al.: Thermal Radia>on Processes, Space Sci. Rev., 134, 155 (2008); 
 arXiv:0801.1011. Very nice introducbon to the properbes of collisional plasmas‐ 
 ionizabon balance, spectroscopy, etc. 

•  Duane Liedahl: The X‐Ray Spectral Proper>es of Photoionized Plasma and  
 Transient Plasmas, in X‐ray Spectroscopy in Astrophysics, Lecture Notes in 
 Physics, 520, p.189 (Springer, 1999). A pedagogically excellent introducbon 
 to photoionized and non‐equilibrium plasmas. Accessible through ADS. 

•  reviews of recent results:  
 Paerels and Kahn, Ann. Rev. Astron. Astrophys., 41, 291 (2003) 
 Claude Canizares et al., Publ. Astron. Soc. Pac., 117, 1144 (2005) 


