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Chapter 1

Introduction

1.1 General description

This document gives a background of the use of the software package SPEctral X-ray and UV
modelling and analysis, SPEX . In the last decades SRON-Utrecht has developed this software
package for the computation and modelling of X-ray and EUV spectra. SPEX encompasses a
number of subroutines for the computation of emergent spectra of optically thin plasmas such
as stellar coronal loop structures and supernova remnants (also including transient ionization
effects), photo-ionized plasmas, and optically thick plasmas. A synthetic spectra program that
convolves the calculated input spectra with representative instrumental response functions and
a subroutine for Differential Emission Measure modelling is available.

SPEX includes more than a million lines from 30 (from H to Zn) different chemical elements
in the far UV and X-ray band. These lines are produced by excitation from electron impact,
radiative and dielectronic recombination and by innershell excitation and ionization. In addition
to the lines the code calculates the contributions from continuum radiation due to free-free, free-
bound, and two-photon emission and includes several absorption models.

Current developments are pointed to extend the work to photoionized plasmas and charge ex-
change processes. This will be needed since it became evident that those processes play an
important role in X-ray sources and emitting regions. Moreover, atomic physics has improved
considerably during the last decade, and the advent of a new series of satellites with high sensi-
tivity and spectral resolution like Hitomi or Athena, strongly demands the availability of spectral
code with higher accuracy and more detail.

1.2 History

Starting in the early seventies (Mewe 1972) Rolf Mewe and his colleagues of the Space Research
Laboratory in Utrecht started developing a spectral code for the X-ray emission of optically
thin plasmas. A milestone was reached in 1985 and 1986, when two papers describing the line
emission (Mewe et al. 1985) and continuum emission (Mewe et al. 1986) were published. This
spectral code, often abbreviated as the Mewe-Gronenschild code, together with the code by
Raymond & Smith (1977) served for many years as the basis for many X-ray spectroscopic
papers.

At the beginning of the eighties the code was extended with non-equilibrium ionization balance
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calculations (Gronenschild & Mewe 1982), and motivated by the work on supernova remnants
done in Leiden by Fred Jansen and Jelle Kaastra vastly improved. The need for a faster code in
order to be able to do spectral fitting to these non-equilibrium spectra of supernova remnants
motivated us to improve the performance of the code. Then in 1992 an update of in particular the
continuum calculation appeared, and this updated and faster computer code was implemented
at HEASARC in the XSPEC package, at which time it was baptized as meka code, after the
two main authors of this version, Mewe and Kaastra.

Around the same time (early 1992) 'we started the SPEX project, with the intention to improve,
update and extend also the line emission part of the code. In addition, we intended to make
it more useful by having spectral simulation and fitting options attached to it, as well as more
illustrative graphical and tabular output from the program, which helps to understand the
physics of the sources being studied. Also different extensions like hydrodynamical models for
supernova remnants, and differential emission measure analysis techniques were foreseen.

Figure 1.1: Mewe, Kaastra & Liedahl preparing the mekal model. Photo by Hans Nieuwenhui-
jzen, 1996.

In 1994 the first version of SPEX became public, with the re-written meka code as working horse
in the core of the software package. A year before the ASCA satellite had been launched, and
in one of the first X-ray spectra of a cluster of galaxies, the Centaurus clusters, the observed
spectrum did not match neither the predicted meka calculations nor the results of other codes
like the Raymond & Smith code (Fabian et al. 1994). In particular the Fe-L 4 — 2 to 3 — 2
blend ratio did not match the observations. Around the same time, Duane Liedahl was able to
produce better results for the Fe- L complex using the HULLAC atomic code, and by joining
forces an update of the meka code, now named mekal, after the three authors, was released
(Mewe, Kaastra & Liedahl 1995). This code was both included in the SPEX package as well as
a model in the XSPEC package. Apart form the update and extension of the iron L complex,
it also contained an improvement of the 300 — 2000 A band, triggered by the EUVE spectra of
stellar coronae, an update for the Fe VIII to Fe XVI ions, plus addition of DR satellites for Mg
XI. Also the ionization balance for iron was updated using the results of Arnaud & Raymond
(1992).

Already around 1996 we started developing version 2.0 of the code, with a transition from
olf fortran77 compilers to modern fortran90, allowing much more flexibility using dynamical
memory, modules etc. Also the original menu-driven structure was replaced by a command

!The oldest program files that we can trace back dates from 5 February 1991
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structure. Stimulated by the availability of high-resolution spectra taken by Chandra and XMM-
Nwton the code was gradually extended and improved, although the availability of these new
data also slowed down the development due to manpower limitations.

Driven by the need to further improve on the atomic data because of the more detailed spectra
that become available, in January 2016 version 3.0 of the software has been launched.

1.3 Changes introduced in SPEX 3.0

What is new in SPEX version 3.00 compared to SPEX 2.067 Most of the changes are actually
“under the hood” of the SPEX program and are only noticed when model fits are compared,
but we also provide useful new model additions. A more detailed overview of the changes in the
plasma models can be found in Section 5.1. The most important changes are summarized here:

e The first version of the new atomic database prepared by Ton Raassen is included in this
release. It contains hundreds of thousands of energy levels from hydrogen to zinc. The
new database is not yet enabled by default (see command var calc new). Using the new
line database requires more memory and CPU time then before, which may not be needed
in every case. Enable the new line list if you need more accuracy, for example when you
fit high-resolution spectra.

e We have optimized the calculation of the radiative recombination, di-electronic recombi-
nation, two-photon, and proton excitation processes to be able to calculate a spectrum
from the new atomic data within a reasonable time. The results from full calculations were
approximated by functions that can be calculated much faster, which allows the fitting of
complicated spectra with models containing a large range of physical parameters of the
plasma.

e The photo-ionization model pion has been substantially improved. It is now possible to
model several absorption layers with including their radiative transfer. Also the emission
part is implemented. However, use with care since this model is still experimental.

e We included natural & Voigt broadening to SPEX emission models.
e We introduce a new charge exchange model (cx) developed by Gu et al. (2016).
e We added the ebv component in SPEX to model interstellar extinction.

e There are now interfaces to include your own model in SPEX . Use com user for additive
models and com musr for multiplicative models. Examples of how to use this model
component are shown in the revised SPEX Cookbook. It also allows you to call Xspec
models from SPEX .

e We added a line emission/absorption model with a Voigt profile (com line) to model
individual lines.

e Contour plots of x? values from the steppar command can now be plotted using the
stepcontour task. The steppar command can now export the results to an ASCII file
that stepcontour can convert into a quick contour plot (or QDP file).
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e The SPEX syntax has been slightly changed. From now on, all ranges can be written
with a ’.” in between to improve the consistency of the syntax. For example, changing the
X axis of a plot can now be written as: plot rx 0.1:10. Affected commands are plot,
egrid, elim, dem chireg, step axis, and par ... range. If possible, the old syntax

was also kept alive. Check the manual for details.

e C-statistics, the Bryans et al. (2009) ionization balance and the proto-solar abundances by
Lodders et al. (2009) are now the default in SPEX. The abundance table and the ionisation
balance can now be queried using the commands abun show and ibal show, respectively.

1.3.1 Changes in version 3.01

e To optimize for calculation speed, in the new line list, one can select ions that should be
calculated the old way (ions 0ld) or the new way (ions new). The syntax is the same
as the ions ignore and ions use commands.

e Added sorting option to the command asc ter ... line to sort lines based on emissivity.

e In version 3.00.00 (using the new line database, var calc new), we had also included
dielectronic satellite lines of He-like ions of the type 1s2 => 2s 2p2, which actually are
trielectronic recombination lines. The 2s 2p2 levels decay rapidly through radiation of
a photon (2p to 1s transition) to the 1s 2s 2p level, which decays further by a similar
transition to the 1s2 2s ground state of Li-like iron. Therefore, our model predicts relatively
strong satellite lines from these transitions, stronger than present in corresponding EBIT
spectra. We have resolved this issue by for this moment omitting transitions from these
triply excited states from the calculations. Note they were/are absent in SPEX version
2.0 or all APEC versions.

e The new CIE model did not reproduce the x/y line ratio in He-like iron very well. The
x & y lines are the two intercombination lines in this ion. We traced this problem down
to some confusion caused by different notations for line levels. The NIST database, the
Cowan code, Chianti use different notations for the same transition: some use 1s2s(3S)2p
2P1/2, others 1s2s(1S)2p 2P1/2 for the same transition (same if you compare the values of
the corresponding energy levels). Some others couple the 2s and 2p electrons first, leading
to P states, and then attach the 1s electron to it, leading to again different notations.
This confusion led to an interchange of collisonal and radiative rates between some levels,
thereby affecting the x/y line intensities. This has now been fixed.

e The innershell levels and related auger and radiative transitions for Fe XIX to Fe XXIII
are added using the data from Palmeri et al. (2003a).

1.4 Document structure
This document has been divided in the following sections:

e Chapter 1, is an introduction of SPEX Reference Manual contents.

e Chapter 2, is a brief explanation of spectral fitting philosphy, the initial information needed
and code used in SPEX .
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e Chapter 3, lists the main syntax used in SPEX .

e Chapter 4, contains an overview of all spectral components and models.

e Chapter 5, explains additional spectral models.

e Chapter 6, describes the tool used for plotting.

e Chapter 7, lists the auxiliary programs needed in some cases for using SPEX .

e Chapter 8, includes guidelines about how to construct a proper response matrix .
e Chapter 9, gives some instructions to test SPEX after the installation.

e Chapter 10, contains the acknowlegements.

1.5 Additional information and documents

1.5.1 SPEX Cookbook: Examples

In addition to the current manual, we have updated the SPEX cookbook, which contains several
useful hints and examples of how to analyse X-ray spectra. The HTML version of the cookbook
can be found at http://var.sron.nl/SPEX-doc/cookbook or find it in the manual section of
the SPEX web site: http://www.sron.nl/spex

1.5.2 Physical background of spectral models

Apart from Chapter 5 of this manual, other books and documents that describe the physical
backgrounds are also available.

The fundamentals of the SPEX code are summarized in SRON/SPEX/TRPBO01 https://www.sron.nl/files/
The documents below describe the basics of the main emission processes in the older MEKAL
code and the basics of multi-temperature analysis:

e Jonization and Energy balance in Collisionally and Photoionized Plasmas
(SRON/SPEX/TRPB02)

e Continuum Radiation Processes (SRON/SPEX/TRPB03)
e Line Excitation Processes (SRON/SPEX/TRPB04)
e Differential Emission Measure Analysis (SRON/SPEX/TRPB05)

All the documents above are included in the Physics section of SPEX website:
https://www.sron.nl/spex/physics-hea-menu-2386

Updates on the physics and application of these older codes can be found in the books Kaastra
(2008) and Kaastra & Paerels (2011).

The official SPEX website is:
http://www.sron.nl/spex
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Chapter 2

Spectral Fitting

2.1 Spectral Modelling

To infer relevant physical parameters from observed X-ray spectra, physical models are needed.
The models need to calculate the expected X-ray spectrum based on physical parameters, like the
electron temperature, emission measure and density distributions, ion and elemental abundances,
mass motions, and the nature of the ambient radiation field. Unfortunately, the physical models
cannot be compared directly to the measured spectra, because the instruments used to obtain
the spectra change the spectrum for example by adding background components (instrument
noise), change the continuum shape due to the sensitivity of the mirror (effective area), and blur
spectral lines due to the instruments spectral resolution.

To take these instrumental components into account, the usual procedure is to apply a forward
modelling technique by convolving theoretical model spectra with the instrumental response
and to vary the model parameters in order to optimize the fit of the model to the observational
data. A common approach is to consider first a simplified plasma model for the X-ray source,
neglecting much of the complexity of the temperature and density structure and of the effects
of opacity, and to synthesize such models into successively more sophisticated approximations
of the source model.

In Figure 2.1 we give in a processing flow diagram schematically the process of spectral mod-
elling for the case of optically thin coronal plasmas. The synthetic spectra program is fed with
input parameters from the spectral model (atomic data for ionization and line and continuum
excitation), the instrumental model, and from the assumed plasma model for the source. The
synthetic spectra code generates spectra which can be compared to the observations and tested
by means of statistical fitting procedures.

2.2 Sectors and regions

2.2.1 Introduction

In many cases an observer analysis the observed spectrum of a single X-ray source. There are
however situations with more complex geometries.

Example 1: An extended source, where the spectrum may be extracted from different regions
of the detector, but where these spectra need to be analysed simultaneously due to the overlap
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Figure 2.1: Processing Flow Diagram for Spectral Modelling of optically thin plasmas (from Mewe

1992).
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in point-spread function from one region to the other. This situation is e.g. encountered in the
analysis of cluster data with ASCA or BeppoSAX.

Example 2: For the RGS detector of XMM-Newton, the actual data-space in the dispersion
direction is actually two-dimensional: the position z where a photon lands on the detector and
its energy or pulse height F as measured with the CCD detector. X-ray sources that are extended
in the direction of the dispersion axis ¢ are characterised by spectra that are a function of both
the energy F and off-axis angle ¢. The sky photon distribution as a function of (¢,F) is then
mapped onto the (z,E)-plane. By defining appropriate regions in both planes and evaluating
the correct (overlapping) responses, one may analyse extended sources.

Example 3: One may also fit simultaneously several time-dependent spectra using the same
response, e.g. data obtained during a stellar flare.

It is relatively easy to model all these situations (provided that the instrument is understood
sufficiently, of course), as we show below.

2.2.2 Sky sectors

First, the relevant part of the sky is subdivided into sectors, each sector corresponding to a
particular region of the source, for example a circular annulus centered around the core of a
cluster, or an arbitrarily shaped piece of a supernova remnant, etc.

A sector may also be a point-like region on the sky. For example if there is a bright point source
superimposed upon the diffuse emission of the cluster, we can define two sectors: an extended
sector for the cluster emission, and a point-like sector for the point source. Both sectors might
even overlap, as this example shows!

Another example: the two nearby components of the close binary a Centauri observed with
the XMM -Newton instruments, with overlapping point-spread-functions of both components.
In that case we would have two point-like sky sectors, each sector corresponding to one of the
double star’s components.

The model spectrum for each sky sector may and will be different in general. For example, in
the case of an AGN superimposed upon a cluster of galaxies, one might model the spectrum of
the point-like AGN sector using a power law, and the spectrum from the surrounding cluster
emission using a thermal plasma model.

2.2.3 Detector regions

The observed count rate spectra are extracted in practice in different regions of the detector.
It is necessary here to distinguish clearly the (sky) sectors and (detector) regions. A detector
region for the XMM EPIC camera would be for example a rectangular box, spanning a certain
number of pixels in the z- and y-directions. It may also be a circular or annular extraction region
centered around a particular pixel of the detector, or whatever spatial filter is desired. For the
XMM RGS it could be a specific ”banana” part of the detector-coordinate CCD pulse-height
plane (z,E).

Note that the detector regions need not to coincide with the sky sectors, neither should their
number to be equal! A good example of this is again the example of an AGN superimposed
upon a cluster of galaxies. The sky sector corresponding to the AGN is simply a point, while,
for a finite instrumental psf, its extraction region at the detector is for example a circular region
centered around the pixel corresponding to the sky position of the source.
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Also, one could observe the same source with a number of different instruments and analyse the
data simultaneously. In this case one would have only one sky sector but more detector regions,
namely one for each participating instrument.

2.3 Different types of spectral components

In a spectral model SPEX uses three different types of components, called additive, multi-
plicative, and hybrid components respectively. Additive components have a normalisation that
determines the flux level. Multiplicative components operate on additive components. The pion
model is a hybrid model that models both the absorption and emission from an intervening slab
of plasma. A delta line or a power law are typical examples of additive components. Interstellar
absorption is a typical example of a multiplicative component.

The redshift component is treated as a multiplicative component, since it operates on additive
components.

Additive components can be divided into two classes: simple components (like power law, black-
body etc.) and plasma components, that use our atomic code. For the plasma components it is
possible to plot or list specific properties, while for the simple models this is not applicable.

Multiplicative components can be divided into 3 classes. First, there are the absorption-type
components, like interstellar absorption. These components simply are an energy-dependent
multiplication of the original source spectrum. SPEX has both simple absorption components
as well as absorption components based upon our plasma code. The second class consists of
shifts: redshift (either due to Doppler shifts or due to cosmology) is the prototype of this. The
third class consists of convolution-type operators. An example is Gaussian velocity broadening.

For more information about the currently defined spectral components in SPEX, see chapter 4.



Chapter 3

Syntax overview

3.1 Introduction

This chapter contains a brief explanation of the most relevant syntax used in SPEX. Each
subchapter is divided in an overview, an explanation of the use of syntax followed by some
practical examples.

3.2 Abundance: standard abundances

Overview

For the plasma models, a default set of abundances is used. All abundances are calculated rela-
tive to those standard values. The current default abundance set are the proto-Solar abundances
of Lodders et al. (2009). Note that in older versions of SPEX, Anders & Grevesse (1989) was
the default. In particular, we recommend to use the proto-Solar (= Solar system) abundances
for most applications, as the Solar photospheric abundance has been affected by nucleosynthesis
(burning of H to He) and settlement in the Sun during its lifetime. The following abundances
(Table 3.1) can be used in SPEX:

Table 3.1: Standard abundance sets

Abbrevation Reference

reset default (= Lodders et al. 2009)

ag Anders & Grevesse (1989)

allen Allen (1973)

ra Ross & Aller (1976)

grevesse Grevesse et al. (1992)

gs Grevesse & Sauval (1998))

lodders Lodders proto-Solar (Lodders 2003)

solar Lodders Solar photospheric (Lodders 2003))

For the case of Grevesse & Sauval (1998) we adopted their meteoritic values (in general more
accurate than the photospheric values, but in most cases consistent), except for He (slightly
enhanced in the solar photosphere due to element migration at the bottom of the convection
zone), C, N and O (largely escaped from meteorites) Ne and Ar (noble gases).
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In Table 3.2 we show the values of the standard abundances. They are expressed in logarithmic
units, with hydrogen by definition 12.0. For Allen (1973) the value for boron is just an upper
limit.

Table 3.2: Abundances for the standard sets

Z elem | Default AG Allen RA Grevesse GS Lodders solar
1 H 12.000 12.00 12.00 12.00 12.00 12.00 12.00 12.00
2 He 10.987 10.99 10.93 10.80 10.97 10.99 10.98 10.90
3 Li 3.331 1.16 0.70 1.00 1.16 3.31 3.35 3.28
4 Be 1.373 1.15 1.10 1.15 1.15 1.42 1.48 1.41
5 B 2.860 26 <3.0 211 2.6 2.79 2.85 2.78
6 C 8.443 856 852  8.62 8.55  8.52 8.46  8.39
7 N 7912 8.05 7.96 7.94 7.97 7.92 7.90 7.83
8 O 8.782 893 882 8.84 8.87 8.83 8.76  8.69
9 F 4.491 4.56 4.60 4.56 4.56 4.48 4.53 4.46
10 Ne 8.103 8.09 7.92 7.47 8.08 8.08 7.95 7.87
11 Na 6.347 6.33 6.25 6.28 6.33  6.32 6.37  6.30
12 Mg 7.599 758 742 7.59 7.58 7.58 7.62 7.55
13 Al 6.513 6.47 6.39 6.52 6.47 6.49 6.54 6.46
14 Si 7.586 7.55 7.52  7.65 7.55  7.56 7.61 7.54
15 P 5.505 5.45 552  5.50 545  5.56 5.54  5.46
16 S 7.210 7.21 7.20 7.20 7.21 7.20 7.26 7.19
17 Cl 5.299 55 560 5.50 55  5.28 533 5.26
18 Ar 6.553 6.56 6.90 6.01 6.52  6.40 6.62 6.55
19 K 5.161 5.12 495 5.16 512  5.13 5.18 5.11
20 Ca 6.367 6.36 6.30 6.35 6.36 6.35 6.41 6.34
21 Sc 3.123  1.10 1.22 1.04 3.20 3.10 3.15  3.07
22 Ti 4.979 4.99 5.13 5.05 5.02 4.94 5.00 4.92
23 'V 4.042 4.00 440 4.02 4.00 4.02 4.07  4.00
24 Cr 5703 5.67 5.85 5.71 5.67  5.69 572  5.65
25 Mn 55561 539 540 5.42 539 5.53 558  5.50
26 Fe 7514 7.67 7.60 7.50 7.51  7.50 7.54 747
27 Co 4.957 4.92 5.10 4.90 4.92 4.91 4.98 4.91
28 Ni 6.276  6.25 6.30 6.28 6.25 6.25 6.29 6.22
29 Cu 4.319 4.21 4.50 4.06 4.21 4.29 4.34 4.26
30 Zn 4.700 4.60 4.20 4.45 4.60  4.67 4.70  4.63

WARNING:  For Allen (1973) the value for boron is just an upper limit.

The current active solar abundance table can be shown using the command abundance show.

Syntax

The following syntax rules apply:

abundance #a - Set the standard abundances to the values of reference #a in the table above.
abundance show - Show the currently active abundance table.
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Examples

abundance gs - change the standard abundances to the set of Grevesse & Sauval (1998)
abundance reset - reset the abundances to the standard set
abundance show - show the currently active abundance table

3.3 Ascdump: ascii output of plasma properties

Overview

One of the drivers in developing SPEX is the desire to be able to get insight into the astro-
physics of X-ray sources, beyond merely deriving a set of best-fit parameters like temperature or
abundances. The general user might be interested to know ionic concentrations, recombination
rates etc. In order to facilitate this SPEX contains options for ascii-output.

Ascii-output of plasma properties can be obtained for any spectral component that uses the
basic plasma code of SPEX; for all other components (like power law spectra, gaussian lines,
etc.) this sophistication is not needed and therefore not included. There is a choice of properties
that can be displayed, and the user can either display these properties on the screen or write it
to file.

The possible output types are listed below. Depending on the specific spectral model, not all
types are allowed for each spectral component. The keyword in front of each item is the one
that should be used for the appropriate syntax.

plas: basic plasma properties like temperature, electron density etc.

abun: elemental abundances and average charge per element.

icon: ion concentrations, both with respect to Hydrogen and the relevant elemental abundance.
rate: total ionization, recombination and charge-transfer rates specified per ion.

rion: ionization rates per atomic subshell, specified according to the different contributing pro-
cesses.

pop: the occupation numbers as well as upwards/downwards loss and gain rates to all quantum
levels included.

lev: the contributions to the pouplation of the energy levels by various processes: positive for
gain, negative for loss

elex: the collisional excitation and de-excitation rates for each level, due to collisions with
electrons.

prex: the collisional excitation and de-excitation rates for each level, due to collisions with
protons.

rad: the radiative transition rates from each level.

two: the two-photon emission transition rates from each level.
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grid: the energy and wavelength grid used in the last evaluation of the spectrum.

clin: the continuum, line and total spectrum for each energy bin for the last plasma layer of
the model.

line: the line energy and wavelength, as well as the total line emission (photons/s) for each
line contributing to the spectrum, for the last plasma layer of the model. Also given
is the natural line width and the Doppler broadening (including thermal and turbulent
broadening), expressed as a FWHM in keV. Optionally, the results can be sorted according
to various columns as follows (first description, between brackets the acronym): energy
(ener), wavelength (wav), ion (ion), line power (powe), natural line width (wid).

con: list of the ions that contribute to the free-free, free-bound and two-photon continuum
emission, followed by the free-free, free-bound, two-photon and total continuum spectrum,
for the last plasma layer of the model.

tcl: the continuum, line and total spectrum for each energy bin added for all plasma layers of
the model.

tlin: the line energy and wavelength, as well as the total line emission (photons/s) for each line
contributing to the spectrum, added for all plasma layers of the model.

tcon: list of the ions that contribute to the free-free, free-bound and two-photon continuum
emission, followed by the free-free, free-bound, two-photon and total continuum spectrum,
added for all plasma layers of the model.

cnts: the number of counts produced by each line. Needs an instrument to be defined before.

nei: the history of ionisation parameter and temperature in NEI calculations.

snr: hydrodynamical and other properties of the supernova remnant (only for supernova rem-
nant models such as Sedov, Chevalier etc.).

heat: plasma heating rates (only for photoionized plasmas).

ebal: the energy balance contributions of each layer (only for photoionized plasmas).

dem: the emission measure distribution (for the pdem model)

col: the ionic column densities for the hot, pion, slab, xabs and warm models

tran: the transmission and equivalent width of absorption lines and absorption edges for the
hot, pion, slab, xabs and warm models. Optionally, the results (lines only) can be sorted
according to various columns as follows (first description, between brackets the acronym):
energy (ener), wavelength (wav), ion (ion), optical depth at line center (tau), equivalent

width in keV (ewk), equivalent width in A (ewa), Voigt a parameter (avo).

warm: the column densities, effective ionization parameters and temperatures of the warm
model
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Syntax

The following syntax rules apply for ascii output:

ascdump terminal #il #i2 #a - Dump the output for sky sector #il and component #i2 to
the terminal screen; the type of output is described by the parameter #a which is listed in the
table above.

ascdump file #al #il #i2 #a2 - As above, but output written to a file with its name given
by the parameter #al. The suffix ”.asc” will be appended automatically to this filename.
ascdump terminal #il #i2 #al sort #a2 - Dump the output for sky sector #il and compo-
nent #i2 to the terminal screen; the type of output is described by the parameter #al which
is listed in the table above; the results are sorted according to parameter #a2. Sorting is only
possible for the ”line” and ”tran” options; see there for allowed entries.

ascdump file #al #il #i2 #a2 - As above, but output written to a file with its name given
by the parameter #al. The suffix ”.asc” will be appended automatically to this filename.

WARNING:  Any existing files with the same name will be overwritten. WARNING:  Sorting

only possible for the line and tran options.

Examples

ascdump terminal 3 2 icon - dumps the ion concentrations of component 2 of sky sector 3 to
the terminal screen.

ascdump file mydump 3 2 icon - dumps the ion concentrations of component 2 of sky sector
3 to a file named mydump.asc.

ascdump terminal 3 2 line sort pow - dumps the emission line power of component 2 of sky
sector 3 to the terminal screen, sorted according to line strength.

3.4 Bin: rebin the spectrum

Overview

This command rebins the data (thus both the spectrum file and the response file) in a manner
as described in Sect. 3.7. The range to be rebinned can be specified either as a channel range
(no units required) or in eiter any of the following units: keV, eV, Rydberg, Joule, Hertz, A,
nanometer, with the following abbrevations: kev, ev, ryd, j, hz, ang, nm.

Syntax

The following syntax rules apply:

bin #r #i - This is the simplest syntax allowed. One needs to give the range, #r, over at least
the input data channels one wants to rebin. If one wants to rebin the whole input file the range
must be at least the whole range over data channels (but a greater number is also allowed). #i
is then the factor by which the data will be rebinned.

bin [instrument #il] [region #i2] #r #i - Here one can also specify the instrument and
region to be used in the binning. This syntax is necessary if multiple instruments or regions are



26 Syntax overview

used in the data input.

bin [instrument #i1] [region #i2] #r #i [unit #a] - In addition to the above here one
can also specify the units in which the binning range is given. The units can be eV, A, or any
of the other units specified above.

Examples

bin 1:10000 10 - Rebins the input data channel 1:10000 by a factor of 10.
bin instrument 1 1:10000 10 - Rebins the data from the first instrument as above.
bin 1:40 10 unit a - Rebins the input data between 1 and 40 A by a factor of 10.

3.5 Calculate: evaluate the spectrum

Overview

This command evaluates the current model spectrum. When one or more instruments are
present, it also calculates the model folded through the instrument. Whenever the user has
modified the model or its parameters manually, and wants to plot the spectrum or display
model parameters like the flux in a given energy band, this command should be executed first
(otherwise the spectrum is not updated). On the other hand, if a spectral fit is done (by typing
the ”fit” command) the spectrum will be updated automatically and the calculate command
needs not to be given.

Syntax

The following syntax rules apply:

calc - Evaluates the spectral model.

Examples

calc - Evaluates the spectral model.

3.6 Comp: create, delete and relate spectral components

Overview

In fitting or evaluating a spectrum, one needs to build up a model made out of at least 1
component. This set of commands can create a new component in the model, as well as delete
any component. Usually we distinguish two types of spectral components in SPEX.

The additive components correspond to emission components, such as a power law, a Gaussian
emission line, a collisional ionization equilibrium (CIE) component, etc.
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The second class (dubbed here multiplicative components for ease) consists of operations to be
applied to the additive components. Examples are truly multiplicative operations, such as the
Galactic absorption, where the model spectrum of any additive component should be multiplied
by the transmission of the absorbing interstellar medium, warm absorbers etc. Other operations
contained in this class are redshifts, convolutions with certain velocity profiles, etc.

The user needs to define in SPEX which multiplicative component should be applied to which
additive components, and in which order. The order is important as operations are not always
communative. This setting is also done with this component command.

If multiple sectors are present in the spectral model or response matrix (see Sect. 2.2) then
one has to specify the spectral components and their relation for each sector. The possible
components to the model are listed and described in Sect. 4.

Note that the order that you define the components is not important. However, for each sector,
the components are numbered starting from 1, and these numbers should be used when relating
the multiplicative components to the additive components.

If you want to see the model components and the way they are related, type "model show”.

WARNING:  If in any of the commands as listed above you omit the sector number or sector
number range, the operation will be done for all sectors that are present. For example, having
3 sectors, the “comp pow” command will define a power law component for each of the three
sectors. If you only want to define/delete/relate the component for one sector, you should specify
the sector number(s). In the very common case that you have only one sector you can always
omit the sector numbers.

WARNING:  After deleting a component, all components are re-numbered! So if you have
components 1,2,3 for example as pow, cie, gaus, and you type "comp del 2”7, you are left with
1=pow, 2=gaus.

Syntax

The following syntax rules apply:

comp [#i:] #a - Creates a component #a as part of the model for the (optional) sector range
#i:

comp delete [#il:] #i2: - Deletes the components with number from range #i2: for sector
range (optional) #il. See also the warning above

comp relation [#il:] #i2: #i3,...,#in- Apply multiplicative components #i3, ..., #in
(numbers) in this order, to the additive components given in the range #i2: of sectors in the

” N

range #il (optional). Note that the multiplicative components must be separated by a 7,

Examples

comp pow - Creates a power-law component for modeling the spectrum for all sectors that are
present.

comp 2 pow - Same as above, but now the component is created for sector 2.

comp 4:6 pow - Create the power law for sectors 4, 5 and 6

com abs - Creates a Morrison & McCammon absorption component.

comp delete 2 - Deletes the second created component. For example, if you have 1 = pow, 2
= cie and 3 = gaus, this command delets the cie component and renumbers 1 = pow, 2 = gaus
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comp del 1:2 - In the example above, this will delete the pow and cie components and renum-
bers now 1 = gaus

comp del 4:6 2 - If the above three component model (pow, cie, gaus) would be defined for 8
sectors (numbered 1-8), then this command deletes the cie component (nr. 2) for sectors 4-6
only.

comp rel 1 2 - Apply component 2 to component 1. For example, if you have defined before
with ”comp pow” and ”comp "abs” a power law and galactic absorption, the this command tells
you to apply component 2 (abs) to component 1 (pow).

comp rel 1 5,3,4 - Taking component 1 a power law (pow), component 3 a redshift operation
(reds), component 4 galactic absorption (abs) and component 5 a warm absorber (warm), this
command has the effect that the power law spectrum is multiplied first by the transmission of
the warm absorber (5=warm), then redshifted (3=reds) and finally multiplied by the transmis-
sion of our galaxy (4=abs). Note that the order is always from the source to the observer!
comp rel 1:2 5,3,4 - Taking component 1 a power law (pow), component 2 a gaussian line
(gaus), and 3-5 as above, this model applies multiplicative components 5, 3 and 4 (in that orer)
to the emission spectra of both component 1 (pow) and 2 (cie).

comp rel 7:8 1:2 5,3,4 - As above, but only for sectors 7 and 8 (if those are defined).

comp rel 3 O - Remove all relations from component 3.

3.7 Data: read response file and spectrum

Overview

In order to fit an observed spectrum, SPEX needs a spectral data file and a response matrix.
These data are stored in FITS format, tailored for SPEX (see section 8.2). The data files need
not necessarily be located in the same directory, one can also give a pathname plus filename in
this command.

WARNING:  Filenames should be entered in the data command without their extension. For
the files response.res and spectrum.spo, the data command would look like: data response
spectrum.

Syntax

The following syntax rules apply:

data #al #a2 - Read response matrix #al and spectrum #a2

data delete instrument #i - Remove instrument #i from the data set

data merge sum #i: - Merge instruments in range #i: to a single spectrum and response ma-
trix, by adding the data and matrices

data merge aver #i: - Merge instruments in range #i: to a single spectrum and response
matrix, by averaging the data and matrices

data save #i #a [overwrite] - Save data #a from instrument #i with the option to over-
write the existent file. SPEX automatically tags the .spo extension to the given file name. No
response file is saved.

data show - Shows the data input given, as well as the count (rates) for source and background,
the energy range for which there is data the response groups and data channels. Also the inte-
gration time and the standard plotting options are given.
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Examples

data mosresp mosspec - read a spectral response file named mosresp.res and the corresponding
spectral file mosspec.spo. Hint, although 2 different names are used here for ease of understand-
ing, it is eased if the spectrum and response file have the same name, with the appropriate
extension.

data delete instrument 1 - delete the first instrument

data merge aver 3:5 - merge instruments 3-5 into a single new instrument 3 (replacing the
old instrument 3), by averaging the spectra. Spectra 3-5 could be spectra taken with the same
instrument at different epochs.

data merge sum 1:2 - add spectra of instruments 1-2 into a single new instrument 1 (replacing
the old instrument 1), by adding the spectra. Useful for example in combining XMM-Newton
MOS1 and MOS2 spectra.

data save 1 mydata - Saves the data from instrument 1 in the working directory under the
filename of mydata.spo

data /mydir/data/mosresp /mydir/data/mosspec - read the spectrum and response from the
directory /mydir/data/

3.8 DEM: differential emission measure analysis

Overview

SPEX offers the opportunity to do a differential emission measure analysis. This is an effective
way to model multi-temperature plasmas in the case of continuous temperature distributions or
a large number of discrete temperature components.

The spectral model can only have one additive component: the DEM component that corre-
sponds to a multi-temperature structure. There are no restrictions to the number of multiplica-

tive components. For a description of the DEM analysis method see document SRON/SPEX /TRPB05
(in the documentation for version 1.0 of SPEX), Mewe et al. (1994), Mewe et al. (1995) and
Kaastra et al. (1996b).

SPEX has 5 different dem analysis methods implemented, as listed shortly below. We refer to
the above papers for more details.

1. reg — Regularization method (minimizes second order derivative of the DEM; advantage:
produces error bars; disadvantage: needs fine-tuning with a regularization parameter and
can produce negative emission measures.

2. clean — Clean method: uses the clean method that is widely used in radio astronomy.
Useful for ”spiky emission measure distributions.

3. poly — Polynomial method: approximates the DEM by a polynomial in the logT — —logYV
plane, where Y is the emission measure. Works well if the DEM is smooth.

4. mult — Multi-temperature method: tries to fit the DEM to the sum of Gaussian components
as a function of logT. Good for discrete and slightly broadened components, but may not
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always converge.

5. gene — Genetic algorithm: using a genetic algorithm try to find the best solution. Advan-
tage: rather robust for avoiding local subminima.Disadvantage: may require a lot of cpu
time, and each run produces slightly different results (due to randomization).

In practice to use the DEM methods the user should do the following steps:

1. Read and prepare the spectral data that should be analysed
2. Define the dem model with the ”comp dem” command

3. Define any multiplicative models (absorption, redshifts, etc.) that should be applied to
the additive model

4. Define the parameters of the dem model: number of temperature bins, temperature range,
abundances etc.

5. give the "dem lib” command to create a library of isothermal spectra.
6. do the dem method of choice (each one of the five methods outlined above)

7. For different abundances or parameters of any of the spectral components, first the ”dem
lib” command must be re-issued!

Syntax

The following syntax rules apply:

dem 1lib - Create the basic DEM library of isothermal spectra

dem reg auto - Do DEM analysis using the regularization method, using an automatic search
of the optimum regularization parameter. It determines the regularisation parameter R in such
a way that x2(R) = x%(0)[1 4 s\/2/(n — nt] where the scaling factor s = 1, n is the number
of spectral bins in the data set and nr is the number of temperature components in the DEM
library.

dem reg auto #r - As above, but for the scaling factor s set to #r.

dem reg #r - Do DEM analysis using the regularization method, using a fixed regularization
parameter R =#r.

dem chireg #rl:#r2 #i - Do a grid search over the regularization parameter R, with #i steps
and R distributed logarithmically between #r1 and #12. Useful to scan the x?(R) curve when-
ever it is complicated and to see how much ”penalty’ (negative DEM values) there are for each
value of R.

dem clean - Do DEM analysis using the clean method

dem poly #i - Do DEM analysis using the polynomial method, where #i is the degree of the
polynomial

dem mult #i - Do DEM analysis using the multi-temperature method, where #i is the number
of broad components

dem gene #il #i2 - Do DEM analysis using the genetic algorithm, using a population size
given by #il (maximum value 1024) and #i2 is the number of generations (no limit, in practice
after ~100 generations not much change in the solution. Experiment with these numbers for
your practical case.
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dem read #a - Read a DEM distribution from a file named #a which automatically gets the
extension ”.dem”. It is an ascii file with at least two columns, the first column is the temperature
in keV and the second column the differential emission measure, in units of 10 m—3keV—1.
The maximum number of data points in this file is 8192. Temperature should be in increasing
order. The data will be interpolated to match the temperature grid defined in the dem model
(which is set by the user).

dem save #a - Save the DEM to a file #a with extension ”.dem”. The same format as above is
used for the file. A third column has the corresponding error bars on the DEM as determined
by the DEM method used (not always relevant or well defined, exept for the regularization
method).

dem smooth #r - Smoothes a DEM previously determined by any DEM method using a block
filter/ Here #r is the full width of the filter expressed in '9log T". Note that this smoothing will
in principle worsen the x? of the solution, but it is sometimes useful to ”wash out” some residual
noise in the DEM distribution, preserving total emission measure.

Examples

dem 1ib - create the DEM library

dem reg auto - use the automatic regularization method

dem reg 10. - use a regularization parameter of R = 10 in the regularization method

dem chireg 1.e-5:1.e5 11 - do a grid search using 11 regularisation parameters R given by
1075, 1074, 0.001, 0.01, 0.1, 1, 10, 100, 1000, 10%, 10°.

dem clean - use the clean method

dem poly 7 - use a 7th degree polynomial method

dem gene 512 128 - use the genetic algorithm with a population of 512 and 128 generations
dem save mydem - save the current dem on a file named mydem.dem

dem read modeldem - read the dem from a file named modeldem.dem

dem smooth 0.3 - smooth the DEM to a temperature width of 0.3 in °log 7' (approximately a
factor of 2 in temperature range).

Recommended citation: Mewe et al. (1995).

3.9 Distance: set the source distance

Overview

One of the main principles of SPEX is that spectral models are in principle calculated at the
location of the X-ray source. Once the spectrum has been evaluated, the flux received at Earth
can be calculated. In order to do that, the distance of the source must be set.

SPEX allows for the simultaneous analysis of multiple sky sectors. In each sector, a different
spectral model might be set up, including a different distance. For example, a foreground object
that coincides partially with the primary X-ray source has a different distance value.

The user can specify the distance in a number of different units. Allowed distance units are
shown in the table below.

The default unit of 10?2 m is internally used in all calculations in SPEX. The reason is that with
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Table 3.3: SPEX distance units

Abbrevation Unit

spex internal SPEX units of 10%2 m (this is the default)

m meter

au Astronomical Unit, 1.49597892 10! m

ly lightyear, 9.46073047 10 m

pc parsec, 3.085678 1016 m

kpc kpc, kiloparsec, 3.085678 1019 m

mpc Mpec, Megaparsec, 3.085678 1022 m

zZ redshift units for the given cosmological parameters

cz recession velocity in km/s for the given cosmological parameters

this scaling all calculations ranging from solar flares to clusters of galaxies can be done with
single precision arithmetic, without causing underflow or overflow. For the last two units (z and
cz), it is necessary to specify a cosmological model. Currently this model is simply described by
Hg, Oy, (matter density), Q4 (cosmological constant related density), and €2, (radiation density).
At startup, the values are:

Hy: 70 km/s/Mpc ,
Qe 0.3,

Qp: 0.7,

Q.2 0.0

i.e. a flat model with cosmological constant. However, the user can specify other values of the
cosmological parameters. Note that the distance is in this case the luminosity distance.

Note that the previous defaults for SPEX (Hy = 50, g9 = 0.5) can be obtained by putting
Hy =50, Q,, =1, Qy =0 and Q, = 0.

WARNING:  when Hy or any of the € is changed, the luminosity distance will not change, but the
equivalent redshift of the source is adjusted. For example, setting the distance first to z=1 with
the default Hy="70 km/s/Mpc results into a distance of 2.03910%6 m. When Hy is then changed
to 100 km/s/Mpc, the distance is still 2.168 1026 m, but the redshift is adjusted to 1.3342.

WARNING:  In the output also the light travel time is given. This should not be confused with
the (luminosity) distance in light years, which is simply calculated from the luminosity distance
in m/!

Syntax

The following syntax rules apply to setting the distance:

distance [sector #i:] #r [#a] - set the distance to the value #r in the unit #a. This
optional distance unit may be omittted. In that case it is assumed that the distance unit is
the default SPEX unit of 10?2 m. The distance is set for the sky sector range #i:. When the
optional sector range is omitted, the distance is set for all sectors.

distance show - displays the distance in various units for all sectors.

distance hO #r - sets the Hubble constant Hg to the value #r.
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distance om #r - sets the (1, parameter to the value #r.
distance ol #r - sets the 25 parameter to the value #r.
distance or #r - sets the (), parameter to the value #r.

Examples

distance 2 - sets the distance to 2 default units, i.e. to 2E22 m.

distance 12.0 pc - sets the distance for all sectors to 12 pc.

distance sector 3 0.03 z - sets the distance for sector 3 to a redshift of 0.03.

distance sector 2 : 4 50 ly - sets the distance for sectors 2-4 to 50 lightyear.

distance hO 50. - sets the Hubble constant to 50 km/s/Mpc.

distance om 0.27 - sets the matter density parameter €2, to 0.27

distance show - displays the distances for all sectors, see the example below for the output
format.

SPEX> di 100 mpc
Distances assuming HO = 70.0 km/s/Mpc, Omega_m = 0.300 Omega_Lambda = 0.700 Omega_r = 0.000
Sector m A.U. ly pc kpc Mpc redshift cz age(yr)

1 3.086E+24 2.063E+13 3.262E+08 1.000E+08 1.000E+05 100.0000 0.0229 6878.7 3.152E+08

3.10 Egrid: define model energy grids

Overview

SPEX operates essentially in two modes: with an observational data set (read using the data commands),
or without data, i.e. theoretical model spectra. In the first case, the energy grid neede to evaluate the
spectra is taken directly from the data set. In the second case, the user can choose his own energy grid.

The energy grid can be a linear grid, a logarithmic grid or an arbitrary grid read from an ascii-file. It
is also possible to save the current energy grid, whatever that may be. In case of a linear or logarithmic
grid, the lower and upper limit, as well as the number of bins or the step size must be given.

The following units can be used for the energy or wavelength: keV (the default), eV, Ryd, J, Hz, A, nm.

99

When the energy grid is read or written from an ascii-file, the file must have the extension ”.egr”, and
contains the bin boundaries in keV, starting from the lower limit of the first bin and ending with the
upper limit for the last bin. Thus, the file has 1 entry more than the number of bins! In general, the
energy grid must be increasing in energy and it is not allowed that two neighbouring boundaries have
the same value.

Finally, the default energy grid at startup of SPEX is a logarithmic grid between 0.001 and 100 keV,
with 8192 energy bins.

Syntax

The following syntax rules apply:

egrid lin #rl:#r2 #i [#a] - Create a linear energy grid between #rl and #r2, in units given by #a
(as listed above). If no unit is given, it is assumed that the limits are in keV. The number of energy bins
is given by #i
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egrid lin #rl:#r2 step #r3 [#a] - as above, but do not prescribe the number of bins, but the bin
width #r3. In case the difference between upper and lower energy is not a multiple of the bin width, the
upper boundary of the last bin will be taken as close as possible to the upper boundary (but cannot be
equal to it).

egrid log #rl:#r2 #i [#a] - Create a logarithmic energy grid between #rl and #r2, in units given by
#a (as listed above). If no unit is given, it is assumed that the limits are in keV. The number of energy
bins is given by #i

egrid log #rl:#r2 step #r3 [#a] - as above, but do not prescribe the number of bins, but the bin
width (in log E) #r3.

egrid read #a - Read the energy grid from file #a.egr

egrid save #a - Save the current energy grid to file #a.egr

WARNING:  The lower limit of the energy grid must be positive, and the upper limit must always be larger
than the lower limit.

Examples

egrid lin 5:38 step 0.02 a- create a linear energy grid between 5 — 38 A, with a step size of 0.02 A.
egrid log 2:10 1000 - create a logarithmic energy grid with 1000 bins between 2 — 10 keV.

egrid log 2:10 1000 ev - 