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X-Ray Spectroscopy Outline

• Introduction - The Power of Spectroscopy 
• Between Gratings, Calorimeters,  

and Laboratory Astrophysics 
• Inner-shell photo-processes 

• Ionization Distributions in AGN Outflows 
• Cold gas in hot, shocked plasma 

• Radiative recombination around shocks 
• What drives the line emission in X-ray binaries? 

• The need for resolution and timing



A Spectrum is Worth  
a Thousand Pictures 

vs.

A Picture is Worth 
a Thousand Words?



Spectroscopic Methods 
Diagnostics of the Physics

• Continuum vs. Lines 
• Emission vs. Absorption 
• Line Flux Ratios: 

– Plasma Ionization 
– Temperature 
– Density 
– UV Field (location) 
– Column Density 

(location) 
– Elemental Abundances 
– Volume, Mass

• Line Shifts: 
– Velocity 
– Gravity 

• Line Shapes: 
– Velocity Distribution 

(e.g., temperature) 
– Pressure 
– EM Fields 
– Relativistic Effects



X-Ray Observatories (Work-Horses) 
Chandra and XMM-Newton

• The Chandra Observatory (NASA): 
– superb telescope (0.5’’) 
– 2 transmission grating spectrometers 

(R=λ/Δλ up to 1000) 
• XMM-Newton (ESA): 

– 3 telescopes (eff. area = 4,300 cm2) 
– 2 reflection grating spectrometers 
– 1 Optical/UV monitor



The Difference that  
High Spectral Resolution Makes

• CCD spectrum 
of Capella with 
ASCA 

  

• Grating 
spectrum of 
Capella with 
Chandra/HETG



Slitless X-Ray Grating Spectrometers
• Reflection 
• d (Cosβ - Cosα) = mλ

• dλ/dβ = d Sinβ << d 
dβ/dλ >> 1/d

• Transmission 
• d (Sinβ + Sinα) = mλ

• dλ/dβ = d Cosβ ~ d  
dβ/dλ ~ 1/d

For point source δλ linear in δβ =>   Δλ independent of λ
For extended sources reflection much better



Slitless Spectrometer:  
The Challenge of Extended Sources



How Good are the Atomic Data?



Correcting Computed Wavelengths with  
Laboratory Atomic Data



Laboratory Astrophysics with EBIT

• Electron Beam Ion Trap 
• Use calorimeter (LLNL) 
• Combine with 

synchrotron Source 
(MPI-Heidelberg) for 
photo-processes 

• Energy precision as high 
as E/ΔE = 6000 

• Measure photo-
ionization by analyzing 
ions dumped from trap
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Laboratory Astrophysics 
X-Ray Absorption by Molecules

Gissis et al. ‘21



Future Missions: XRISM
• JAXA + NASA collaboration, projected launch Feb. 2023 
• Spectroscopy mission with superconducting micro-

calorimeter (Resolve) as the main science instrument 
• Naturally provides spatially resolved spectra 
• Fixed ΔE, resolving power increases with E



Resolve

Calorimeter Superior Resolving Power 
& High Throughput



X-Ray Spectroscopy Outline

• Introduction - The Power of Spectroscopy 
• Between Gratings, Calorimeters,  

and Laboratory Astrophysics 
• Inner-shell processes 

• Ionization Distributions in AGN Outflows 
• Cold gas in hot environments 

• Radiative recombination around shocks 
• What drives the line emission in X-ray binaries 

• The need for resolution and timing



Chandra/HETG 
900 ks

XRISM/Resolve 
(simulated) 

100 ks

Inner-shell Processes 
Important for Absorption Spectra of AGN and WHIM

Keshet & Behar ‘22



Generic AMD with XSPEC / XSTAR 
Recovered with HETG, Simulated with Resolve

Keshet & 
Behar ‘22



Laboratory Astrophysics  
with Chandra/HETG

Before 
corrections

After 
corrections



Vela X-1 Eclipsing X-Ray Binary 
What Drives the Line Emission?

Simulations by 
Mauche et al. 2007



What Drives Line Emission in Vela X-1?

Si Lyα 6.18Α

Answer depends on the time resolution



Si Lyα 6.18Α

What Drives Line Emission in Vela X-1? 
The Continuum?

Continuum

Fe Kα

Rahin+ 
in prep.



Bright Sources (X-Ray Binaries) 
Allow the use of High Diffraction Order
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Collisionless Shocks

*

fast wind              hot bubble

shocked    cold 
nebula     nebula 

X-Rays



Grating Spectrum of Hot Bubble



Narrow C+6 RRC 
Radiative Recombination Continuum

• Recombination of  
hot ions (~100 eV) with 
cold electrons (~ 1 eV) 

• RRC width =>  
kTe = 1.7 ± 1.3 eV 

• Intermediate 
temperatures  
1 eV < kT < 100 eV 
can not be significant 

• Origin?



Importance of  
High Spectral Resolution

Suzaku, 
Murashima  
et al. 2006
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Figure 1. Vignetting-corrected XIS image of W49B in the 1.5–7 keV band
shown on a linear intensity scale. Data from the three active XISs are
combined. Gray contours indicate every 10% intensity level relative to the
peak surface brightness. The red circle and orange annulus indicate the source
and background regions, respectively. The XIS field of view is shown by
the black square.
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Figure 2. Background-subtracted XIS FI spectrum. The energies of the
prominent emission lines from specific elements are labeled.

3.2. APEC Model Fit in the Hard X-ray Band

As shown in Figure 2, the wide-band spectrum includes too
many emission lines and possibly other complicated structures.
For clean analyses and discussion, we focus on the 5–12 keV
energy band, where emission lines and other structures mainly
originate from Fe. We used only the FI data because the NXB
count rate of the BI data is much larger than the source rate in
this energy band.

We first fitted the spectrum with a VAPEC (CIE plasma)
model (Smith et al. 2001). The Fe and Ni abundances (hereafter
ZFe and ZNi) normalized by the number fraction of the solar
photosphere (Anders & Grevesse 1989) were free parameters.
Since the Cr and Mn Kα emission lines are not included in the
VAPEC model, we added these lines with Gaussian functions.
We fixed the interstellar extinction to a hydrogen column density
of 5×1022 cm−2 with the solar elemental abundances, following
Hwang et al. (2000). To fine tune the energy scale, an offset was
added as a free parameter and found to be −4.7 eV, which was
within the allowable range of the calibration uncertainties. We
added this offset for further spectral fitting. Figure 3(a) shows
the fitting result of the one-VAPEC model, with a temperature
of 1.64 keV. The model exhibited significant excess around the

(a)

(b)

Figure 3. (a) XIS spectrum in the 5–12 keV band. The best-fit VAPEC model
and additional Kα lines of Cr and Mn with Gaussian functions are shown by
solid lines. The lower panel shows the residual from the best-fit model. (b)
Same spectrum as (a), but with the radiative recombination continuum (red),
recombination lines (orange), and a Lyα line (blue) of Fe.

Fe Lyα line and above 8 keV, and hence was rejected with a
large χ2/degree of freedom (dof) of 1051/138.

We then tried a two-VAPEC model, assuming equal abun-
dances between the two components. Fe Lyα was successfully
reproduced, but the temperature of one component was unrea-
sonably high (∼70 keV), and a large residual above 8 keV
remained with an unacceptable χ2/dof of 562/136. Adding a
further plasma or power-law component did not improve the
fitting any more. In every case, the large bump above 8 keV was
present.

To examine whether this bump is real or artificial, we checked
the light curves of the source and background regions in the 8.5–
10 keV band. They showed almost constant fluxes, indicating no
flare-like event had occurred during the observations. In addi-
tion, we detected the bump in both FI spectra (XIS 0 and XIS 3)
and even in the BI spectrum. Thus, the bump is a real structure.

The edge energy of the bump (∼9 keV) corresponds to the
electron binding energy of Fe. This suggests that the saw-edged
bump is likely due to a radiative recombination continuum
(RRC): X-ray emissions due to the free–bound transition of
electrons. Hereafter, we call the RRC accompanied by the
recombination of H-like ions into the ground state of He-like
ions the He-RRC, and that of fully ionized ions into the ground
state of H-like ions the H-RRC.

3.3. Recombination Continuum and Lines

Both the line-like excess around Fe Lyα and the bump above
8 keV are suggestive of the overionized state because there

RRCs in Supernova Remnants w/ Suzaku 
Best Evidence for Contact Discon. in an Astrophysical Shock? 

or Different Interpretation? Stay tuned for XRISM

Ozawa+’09 

2 Yamaguchi et al.

Fig. 1.— Vignetting-corrected XIS image of the northern part
of IC 443 in the 1.75–3.0 keV band, shown on an intensity color
scale. The coordinates (R.A. and Dec.) refer to epoch J2000.0.
The data from the three active XISs are combined and smoothed
with a Gaussian kernel of σ = 25′′. The yellow square and the
white rectangle indicate the XIS field of view and the region used
in our spectral analysis, respectively. The optical Digitized Sky
Survey image is overplotted in contour.

Fig. 2.— Full-band XIS-FI spectrum where the NXB is sub-
tracted. The energies of prominent Kα emission lines from specific
elements are labeled in the panel.

background (NXB) constructed with the xisnxbgen soft-
ware. The spectra were merged to improve the statistics,
because the response functions are almost identical each
other. Figure 2 shows the resultant spectrum. We can
see several prominent lines of Kα emission from He- and
H-like ions (hereafter, Heα and Lyα). The centroids of
the Lyα lines were measured with a Gaussian line model,
and compared with the canonical values of the Astro-
physical Plasma Emission Database (APED: Smith et al.
2001). The averaged center energy difference was +4 eV.
Therefore, we added a 4 eV offset in the FI spectrum.
The BI spectrum was made with the same procedure as
the FIs, but an offset of −10 eV was added to correct the
energy scale. In order to examine the ionization states
of Si and S, we hereafter focus on the spectrum in the
energy range above 1.75 keV (Fig. 3). Detailed studies

Fig. 3.— (a) XIS spectrum in the 1.75–6.0 keV band. Black
and red represent FI and BI, respectively. Individual components
of the best-fit model for the FI data are shown with solid colored
lines: blue, green, and gray are the VAPEC, Gaussians (Si-Lyα, Si-
Lyβ, S-Lyα, and Ar-Lyα), and CXB, respectively. The lower panel
shows the residual from the best-fit model. Two hump-like features
are clearly found around the energies of ∼2.7 keV and ∼3.5 keV.
(b) Same spectrum as (a), but for a fit with RRC components of
H-like Mg, Si, and S (magenta lines). The residuals seen in (a) are
disappeared.

including the lower energies will be reported in a separate
paper.

We first fitted the spectrum with a model of a thin-
thermal plasma in CIE state (a VAPEC model). The
abundances (Anders & Grevesse 1989) of Si, S, and Ar
were free parameters, while the Ca abundance was tied
to Ar. Interstellar extinction was fixed to a hydrogen
column density of NH = 7×1021 cm−2 with the solar ele-
mental abundances, following Kawasaki et al. (2002) and
Troja et al. (2008). The cosmic X-ray background (CXB)
spectrum was approximated by a power-law model with
photon index of Γ = 1.412 and the surface brightness
in the 2–10 keV band of 6.4 × 10−8 erg cm−2 s−1 sr−1

(Kushino et al. 2002). Since IC 443 is located in the
anti-Galactic center direction, contribution of the Galac-
tic ridge X-ray emission was ignored. In the initial fit, we
found a significant inconsistency between the FI and BI
data around the energy of neutral Si K-edge (1.84 keV).
This is due to the well-known calibration issue of the
XIS. Since the calibration for the FI CCDs is currently
far better than the BI, we decided to ignore the energy
band below 1.9 keV in the BI spectrum. This fit leaved
further large residuals, in both spectra, at the energies
of S and Ar Lyα lines, and hence was rejected with the

Yamaguchi+’09



Take Home Messages

• Atomic Spectroscopy is the most reliable 
tool for detailed physical diagnostics 

• Atomic databases and codes are up to 
date for the majority of data needs 

• Upcoming calorimeter instruments on 
board XRISM and later Athena will 
improve our measurements in both 
spectral and time domain



THANK YOU  
FOR YOUR ATTENTION


