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INTRODUCTION

The XSTAR code computes the physical conditions and emission spectra of a photoionized gas and 
has been widely used in X-ray astronomy in the past 20 years [1
(https://ui.adsabs.harvard.edu/abs/2001ApJS..134..139B/abstract), 2
(https://ui.adsabs.harvard.edu/abs/2004ApJS..155..675K/abstract)]. Since 2001 we have been 
systematically computing for the XSTAR database the atomic data required to model K lines and 
edges of both the cosmically abundant and trace elements. These X-ray spectral features are prime 
candidates to devise plasma diagnostics and to determine chemical abundances ([3
(https://ui.adsabs.harvard.edu/abs/2016A%26A...589A.137P/abstract), 4
(https://ui.adsabs.harvard.edu/abs/2017A%26A...604A..63M/abstract), 5
(https://ui.adsabs.harvard.edu/abs/2018A%26A...616A..62M/abstract)] and references therein). 

We are upgrading the XSTAR database (work almost complete) to take advantage of the high spectral 
resolution and sensitivity of the X-ray calorimeter spectrometer of the joint NASA/JAXA X-ray Imaging 
and Spectroscopy Mission (XRISM (https://heasarc.gsfc.nasa.gov/docs/xrism/)) to be launched in 
2022. As shown in Fig. 1, the quality of the XSTAR fit of the spectrum of the Perseus Cluster taken by 
HITOMI before its demise in 2016 illustrates current progress.



Fig. 1 Hitomi spectrum of the Perseus Cluster in the Fe XXV triplet spectral region (6.50-6.60 keV) showing the 

XSTAR fit (black line). With the higher resolution, the iconic He-like triplet becomes a quartet and other Fe satellite 

lines begin to be detectable (e.g. bump at ~ 6.51 keV). Reproduced from the XSTAR home page [6

(https://heasarc.gsfc.nasa.gov/docs/software/xstar/xstar.html)].

We have also introduced in XSTAR high-density (ne > 1.E+18 cm-3) effects that come into play in the 
reflection spectra of accretion disks round compact objects (e.g. black-hole candidates and neutron 
stars): continuum lowering; dielectronic recombination (DR) supression;  collisional ionization; three-
body recombination; and stimulated emission. We are now in a good position to test if the neglect of 
such effects causes the anomalously large iron abundances currently derived (Fig. 2). The Fe 
abundance is a key measure of line reprocessing in reflections models. 

In the present paper we show preliminary results on the effects of dielectronic recombination 
suppression in a accretion-disk reflection model. 

Fig. 2 Fe abundances derived from the reflection spectrum of 13 active galactic nuclei (AGNs) and 9 black-hole binaries (BHBs) 

showing supersolar Fe abundances. Reproduced from Figure 3 of [7

(https://ui.adsabs.harvard.edu/abs/2018ASPC..515..282G/abstract)].



XSTAR DATABASE, ISMABS AND UADB

The XSTAR atomic database [1 (https://ui.adsabs.harvard.edu/abs/2001ApJS..134..139B/abstract)] is 
designed to treat plasmas in NLTE, whereby level excitation and ionization balance are solved 
simultaneously based on multilevel ionic models. It therefore comprises an extensive compilation of 
basic atomic parameters to compute rates for collisional excitation, photoionization, radiative and 
dielectronic recombinations and cascades. A typical ionic model consists of a list of several 
spectroscopic levels (valence and L- and K-vacancy), one or two superlevels, and a continuum level.

The atomic data are compiled from different sources and many have been bespoke computed by our 
group. Rather than transcribing data from the respective sources to a specific inhouse format, the 
datasets are stored in their original format and physical units, assigned a specific data type, and 
integrated into the code processing at runtime by means of a subroutine. The database is 
preprocessed to build up three vector arrays of real, integer and character data in FITS format, which 
are wholly uploaded at runtime to main memory and accessed through a set of pointers. This scheme 
ensures fast data reading from disk and the ensuing processing.

The XSTAR database has two byproducts: the ISMabs ISM absortion model [8
(https://ui.adsabs.harvard.edu/abs/2015ApJ...800...29G/abstract)] and the uaDB
(https://heasarc.gsfc.nasa.gov/uadb/index.php) online atomic database. In ISMabs the radiative data 



(K lines and K-edge phototionization cross sections) for C, N, O, Ne, and Fe (effective charge 1⦤ z ⦤
3) have been benchmarked with ISM observations (see Fig. 3).

Fig. 3. Fits of the Chandra MEG spectrum of the low-mass X-ray binary XTE J1817-330 with the ISMabs (red line) 

and Tbnew (blue line) ISM absorption models in the Ne (top panel) and O (bottom panel) K edges and Fe L edge 

(middle panel). Reproduced from Fig. 3 of [8].

The atomic data collection in XSTAR is comprised of data in many different formats from many 
different sources. To assist in disseminating these data to the larger community, the Universal Atomic 
Database (uaDB (https://heasarc.gsfc.nasa.gov/uadb/index.php)) was developed. uaDB is a mySQL 
database hosted at NASA/GSFC.



The main features of uaDB are:

• Each data set contains a reference to the source paper(s).

• Data is stored in the original format and units as published.

• Multiple entries can exist for the same quantity (e.g. theoretical vs measured energy levels)

• The coupling scheme of atomic states is built into the database structure.

• Data collections exist which define a complete model; no duplicate data exist within a collection.



K LINES AND EDGES

The updating of the XSTAR database has been an involved process due to the large data volumes 
and the variety of methods used to compute the radiative and collisional rates and cross sections. As 
indicated in [3 (https://ui.adsabs.harvard.edu/abs/2016A%26A...589A.137P/abstract), 4
(https://ui.adsabs.harvard.edu/abs/2017A%26A...604A..63M/abstract), 5
(https://ui.adsabs.harvard.edu/abs/2018A%26A...616A..62M/abstract)] and references therein, we 
have completed, after 20 years, the calculation of the atomic parameters -- namely, energies for 
valence and K-vacancy fine-structure levels, transition wavelengths and A-values, radiative and Auger 
widths, and total and partial photoionization cross sections -- to model the K lines and edges in 
cosmically abundant elements (C, N, O, Mg, Si, S, Ar, Ca, Fe, and Ni), and more recently, in the trace 
elements (F, Na, P, Cl, K, Sc, Ti, V, Cr, Mn, Co, Cu, and Zn).



The competition between the radiative and Auger decay channels, where the Kα and KLL dominate, 
must be treated in detail since it determines the fluorescence yield and natural width of a K resonance 
(see Fig. 4).

Fig.4. Photoionized gas with solar abundances and ξ = 10 showing opacities computed with (a) K damped 

photoionization cross sections and with (b) undamped photoionization cross sections. Reproduced from Fig. 3 of  [9

(https://ui.adsabs.harvard.edu/abs/2002ApJ...577L.119P/abstract)]. 



Damping also leads to the smearing of the K edge and different behaviors of the photoabsorption and 
photoionization cross sections in this region as shown in Fig. 5.

Fig. 5. K-edge behavior of the photoabsorption (full curve) and photoionization (dotted curve) cross sections in C-like 

Ca. Reproduced from Fig. 3 of [10 (https://ui.adsabs.harvard.edu/abs/2009ApJS..182..127W/abstract)].



HIGH-DENSITY EFFECTS

Among the atomic processes affected by high plasma densities (ne > 1.E+18 cm-3) we may cite:

• Threshold lowering and line shifts

• Attenuation of dielectronic recombination

• Collisional ionization and three-body recombination

• Collisional excitation of high-n levels

• Stimulated emission.

The suppression of dielectronic recombination at high densities has 
been included in XSTAR with the relations developed in [11
(https://ui.adsabs.harvard.edu/abs/2013ApJ...768...82N/abstract),12
(https://ui.adsabs.harvard.edu/abs/2018ApJS..237...41N/abstract)].

We have studied the lowering of the ionization and K thresholds in oxygen and iron ions with a Debye-
Hückel (DH) screening potential [13
(https://ui.adsabs.harvard.edu/abs/2019A%26A...624A..74D/abstract),14
(https://ui.adsabs.harvard.edu/abs/2019A%26A...626A..83D/abstract),15



(https://ui.adsabs.harvard.edu/abs/2020A%26A...635A..70D/abstract)]. In Fig. 6 we show the 
ionization potential (IP) shifts in Fe IX - Fe XXV.

Fig. 6. IP lowering in Fe IX - Fe XXV as a function of the effective charge obtained with MCDF and a DH screening 

potential. Red circles: screening parameter (inverse of Debye shielding lengh) μ = 0.1. Black circles μ = 0.25. 

Triangles: DH limit.  

The effects caused by the IP lowering on the equlilibrium ion fractions and temperature as a function of 
the ionization parameter can be appreciated at ne = 1.E4 cm-3 and ne = 1.E22 cm-3 in Figs. 7 and 8, 
respectively. 



Fig. 7. Equilibrium ion fractions and temperature as a function of ionization parameter at a density of 1.E4 cm-3. 



Fig. 8. Equilibrium ion fractions and temperature as a function of ionization parameter at a density of 1.E22 cm-3.  



ACCRETION-DISK REFLECTION MODEL

We synthesize the X-ray spectra reflected from an optically thick atmosphere using the XILLVER code 
[16 (https://ui.adsabs.harvard.edu/abs/2010ApJ...718..695G/abstract),17
(https://ui.adsabs.harvard.edu/abs/2013ApJ...768..146G/abstract)]. The atmosphere is assumed to 
have plane-parallel geometry and a constant gas density of Log(ne)=18 cm-3. The ionization 
parameter is set to ξ = 4π Fx/ne = 32 erg cm s-1 implying an illuminating flux of Fx = 3.E+18 erg cm-2 
s-1. The ionization balance is calculated self-consistently using the routines and atomic data from the 
photoionization code XSTAR. Elemental abundances are set to their solar values. Metal DR 
suppression leads to significant changes in the ionization state of the gas resulting in more ionized 
species. As a consequence, there is a strong enhancement of the Fe XVII L lines and K-shell emission 
from Fe XVIII (see Fig. 9).



Fig. 9: X-ray spectra reflected from an optically thick atmosphere (solar abundances) determined with XILLVER at 

Log ξ = 1.5 and Log(ne)=18 cm-3.



XSTAR DATABASE CURATION
The buildup and upgrading of the XSTAR atomic database is a good study case of data-user 
difficulties. We delineate some oustanding examples:

• Decay routes of metastable levels particularly in species of the iron group with electron number 
N > 18.

• Level trimming in ionic models for species with N > 20 due to intractable level numbers.

• Incorrect level assignments by the HFR code [18
(https://ui.adsabs.harvard.edu/abs/1981tass.book.....C/abstract)].

• Level duplication in b-b and b-f processes, particularly involving L-vacancy resonances. 

• Level-number reduction due to continuum lowering.

• Radiative and Auger damping in partial photoionization cross sections.

• Level-to-level decay routes of K-vacancy  resonances in ions with N > 10.

• Discrepancies in the laboratory, observed, and theoretical wavelength scales (see, for instance, 
[19] (https://ui.adsabs.harvard.edu/abs/2020arXiv200313838L/abstract)).



ABSTRACT
The XSTAR computer package models spectra from photoionized plasmas and has been widely used 
in X-ray astronomy for the past 25 years. The high-resolution X-ray calorimeter spectrometer of the 
joint NASA/JAXA X-ray Imaging and Spectroscopy Mission (XRISM ), to be launched in 2022, has 
encouraged us to tune up XSTAR to cope effectively with future spectral modeling demands, including 
time-dependent modeling (see presentation by Saudala). We have been involved since 2001 in the 
refinement of the XSTAR atomic database by systematically computing parameters (energies for 
valence and K-vacancy fine-structure levels, transition wavelengths and A-values, radiative and Auger 
widths, and total and partial photoionization cross sections) to render K-shell processes in cosmically 
abundant elements (C, N, O, Mg, Si, S, Ar, Ca, Fe, and Ni), and more recently, in the trace elements 
(F, Na, P, Cl, K, Sc, Ti, V, Cr, Mn, Co, Cu, and Zn). We have also considered high-density effects such 
as dielectronic recombination suppression and the lowering of the ionization and K thresholds. The 
time-dependent extensions have led us to revise the core routines of the code and to adopt parallel 
processing. In this presentation we discuss some of these revisions.
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