Universiteit

4 Leiden
The Netherlands

New radiative loss curve from updates to collisional excitation in the

low-density, optically thin plasmas in SPEX
Stofanova, L.; Kaastra, J.; Mehdipour, M.; Plaa, J. de

Citation

Stofanova, L., Kaastra, J., Mehdipour, M., & Plaa, ]. de. (2021). New radiative loss curve
from updates to collisional excitation in the low-density, optically thin plasmas in SPEX.
Astronomy And Astrophysics, 655. d0i:10.1051/0004-6361/202037768

Version: Accepted Manuscript
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/3251041

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/3251041

Astronomy & Astrophysics manuscript no. 37768corr
September 10, 2021

©ESO 2021

New radiative loss curve from updates to collisional excitation in
the low-density, optically thin plasmas in SPEX

L. Stofanoval-2®, J. Kaastra’»2, M. Mehdipour® 3, and J. de Plaa®

! Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands

e-mail: stofanova@strw.leidenuniv.nl

2 SRON Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
3 STScI Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

photoionised plasmas and find a new stable branch.

1. Introduction

ro-ph.HE] 9 Sep 2021

% Hot astrophysical plasmas heated to temperatures of around 10*—
—10% K can be found in a wide range of astrophysical sources at
various scales throughout the Universe. Depending on the prop-
erties of the plasma (as for example, temperature, density) and its
environment, different atomic processes contribute to the overall
shape of the spectrum. These processes all need to be taken into
account in models for X-ray emission from these hot plasmas.

Over the last couple of decades, X-ray spectroscopy has un-
- dergone significant improvements that have allowed us to obtain
X-ray spectra with a high level of detail. The observations that

o have been made so far, however, also reveal the importance of
accurate atomic data as well as the improvement of the plasma
. codes that are needed in order to properly understand the ob-
= served X-ray spectra. Such models in the plasma codes help us

to understand the radiation coming from the X-ray sources and
>< allow us to study their physical properties.
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In general, plasma codes can be either collisional, pho-
toionised or include both regimes at the same time. A few exam-
ples are APEC (Smith et al.|2001), CHIANTI (Dere et al.|1997),
MEKAL (Mewe et al.|1995), SPEX (Kaastra et al.|1996), Cloudy
(Ferland et al.|1998)), Mocassin (Ercolano et al.[2003)), Titan (Du-
mont et al.|[2000), and XSTAR (Kallman & Bautistal2001)). The
discrepancies between different plasma codes can be relatively
high, especially for lower temperatures (for instance, see [Hitomi
Collaboration et al.|[2018). These discrepancies can be caused
by different approaches and approximations used for solving the
Schrodinger (Dirac) equation or different ionisation balance and
calculation of level populations (for more about atomic data in
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collisional ionisation equilibrium or photoionisation equilibrium) became essential with the progress of high-resolution X-ray spec-
troscopy. In order to prepare for the upcoming X-ray spectroscopy missions such as XRISM or Athena, the plasma codes with their
models and the atomic databases need to be up to date and accurate. One such update for the plasma code SPEX is presented in
this paper where we focus on the radiative loss due to collisional excitation in the low-density, optically thin regime. We also up-
date the atomic data for neutral hydrogen and include the contribution of the dielectronic recombination. With all these updates
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X-rays, see reviews by [Smith|[2005} Kallman & Palmeri| 2007
and references therein).

One of many consequences of such discrepancies are the
estimates of the cooling rates. Plasma can cool down via mul-
tiple processes; for example, bremsstrahlung or more complex
cooling via radiative recombination, collisional excitation, ion-
isation, etc. The process of cooling has been extensively stud-
ied in many works such as, for example |Raymond et al.| (1976),
Boehringer & Hensler| (1989), Sutherland & Dopital (1993),
Landi & Landini| (1999), |Schure et al.|(2009), and |Lykins et al.
(2013). In this paper, we use the term cooling for the cooling of
the population of free electrons only, which we express in units
of keV m? s~!'. For more details about the terminology of cool-
ing, we refer the reader to|Gnat & Ferland| (2012), for example.

The radiative loss function and the cooling function should
give the same results if the collisional ionisation equilibrium
(CIE) is considered since the plasma in an enclosed and non-
expanding box can lose the energy only by radiating photons if
for example, magnetic fields, heat conduction, radioactive pro-
cesses, etc. are not taken into account. For the collisional excita-
tion process in a low-density plasma, as discussed in the present
paper, the radiative loss is the same as the cooling. This is differ-
ent from radiative recombination, which leads to radiative losses
equal to the cooling by that process plus the ionisation potential
of the recombined ion and different from collisional ionisation
of the valence electrons, which does not produce radiation at all.

This work serves as a report of the updates made in the
plasma code SPEX. More specifically, we focus on the up-
dates of electron collisional excitation rates and the impact of
these updates on the cooling for the plasma in the low-density
regime. Collisional excitation occurs when a free electron col-
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lides with an atom or ion and brings the bound electron into the
excited state. Because these excited states are less energetically
favourable, the excited electron falls down to a lower level by
radiative transition.

In previous versions of SPEX, the collisional excitation rates
were calculated with the codes by Mewe et al.| (1985)), Mewe
et al.[(1986) and MEKAL (Mewe et al.|[1995) which originally
operated in the regimes A < 300 A, 1 < 1000 A, and A < 2000 A,
respectively. Over the years, the X-ray line database of SPEX
has been updated and has grown, also extending to the ultravi-
olet (UV), optical, and infrared (IR) bands. Since the first ver-
sion of SPEX, many updates have been made and the most re-
cent works are the updated radiative recombination rates (Mao
& Kaastral2016; Mao et al.|2017a)), the updated collisional ion-
isation rates (Urdampilleta et al.|2017)), a model for the charge
exchange transfer (Gu et al.|2016), updates of the collisional ex-
citation rates (Kaastra et al.|[2017), and the updated data for the
Fe-L complex (focusing mainly on Fe xvi to Fe xxiv ions) by
Gu et al.| (2019). The latest version, 3.06.01, also includes the
updated radiative loss function due to collisional excitation that
we present in this paper and that is used in the photoionisation
model pion (for a plasma in photoionisation equilibrium — PIE)
and updates of the collision strengths of H1 (see Section [3.8] for
more details).

The paper is structured as follows. In Section 2] we describe
how to calculate the radiative loss rates from the excitation rates
and how the radiative loss curves for specific ions are obtained.
We show our main results in Section [3| where we focus on the
plasma in collisional ionisation equilibrium and address the ac-
curacy as well as the role of collisional excitation, resonant exci-
tation, metastable levels and updated atomic data for neutral hy-
drogen. We also discuss the discrepancies in the cooling curves
obtained from different plasma codes. In Section 4] we imple-
ment tables created for the radiative loss rates due to collisional
excitation to the photoionisation model in SPEX and study the
effect of the updated cooling on the stability curves. We discuss
the results in Section[5|and give the main conclusions in Section
6

2. Methods
2.1. Radiative loss due to collisional excitation in low-density
plasmas

The radiative loss rate for collisional excitation quantifies the
energy loss of plasma due to collisions of free electrons with
atoms or ions (we consider the radiative loss by the population
of free electrons only). To calculate this radiative loss rate, we
first define the excitation rate S;;(T) for the excitation from level
i to level j (while assuming the Maxwellian velocity distribution
for electrons) as

SoQ(y)
\/T w;eY '

where T is the temperature of plasma (electron temperature), w;
is the statistical weight of level i, Q(y) is the effective collision
strength (Hebb & Menzel|[1940, also called the Upsilon value),
E;; is the excitation energy for the transition i — jand S is the
constant defined as

@

Si(T) = Y=

ey

So = 2@rm) U2 @)

where m, is the electron mass and 4 and k represent the Planck
constant and the Boltzmann constant, respectively. The units of
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S;j are m3s™!, such that the total number of excitations per sec-

ond in a volume V with electron density n. and ion density »; is
given by n.n; VS ;. As the temperature approaches lower values,
the excitation rate decreases exponentially, while for higher tem-
peratures the excitation rate decreases as 1/ VT The total radia-
tive loss function due to collisional excitation only per specific
atom or ion from the lower level i is then obtained by summa-
tion of the product of the excitation rate and the excitation energy
over all transitions in the atom or ion:

Aiexe(T) = D Si{(T)E;; (3)
J

We note that the Equation (3] is valid only in the low-density
plasmas. That allows us to ignore the effect of the collisional de-
excitation when the collision of an ion with a free electron or
another ion results in the bound electron being brought into the
lower energy orbit.

2.2. Radiative loss curves in SPEX, MEKAL and CHIANTI

Throughout the years, SPEX (Kaastra et al.||[1996) has been ex-
tended up to the UV/IR regime, and its atomic database SPEX-
ACT is still under development. The number of elements present
in the SPEX atomic database increased from 15 (H, He, C, N, O,
Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe, Ni) to 30, and now SPEX
includes all elements up to and including zinc. It contains all
ions of the hydrogen and helium iso-electronic sequences and
most of the ions of lithium, beryllium, and boron iso-electronic
sequences up to Na-like ions. For all ions where we do not yet
have data in our SPEXACT database, we used the MEKAL code
to calculate line fluxes when available. Originally, the MEKAL
code took into account approximately 5500 lines, while the new
updated SPEXACT database contains around 4.2 x 10° lines.
One of the biggest differences between these two codes lies in
calculating the line fluxes, for which MEKAL uses temperature-
dependent parametrisation (see/Mewe et al.|1985|and references
therein, mainly Mewel(1972) and Eq. (10) and Eq. (11)), whereas
SPEX calculates the line fluxes by obtaining the level popula-
tions from the transition rate balance equations. Then, the total
line power in SPEX is calculated using the radiative transition
probabilities.

To calculate the radiative loss rates in SPEX we used ver-
sion 3.05.00 (Kaastra et al.|1996; |[Kaastra et al.|2018)) and made
these rates public as a part of SPEX version 3.06.00 and higher.
The most updated version 3.06.01 includes, among others, up-
dates of the radiative loss rates in the SPEXACT database as well
as the cooling rates in the photoionisation model pion [H (which
we describe in this paper). Unless stated otherwise, we used the
Urdampilleta et al.| (2017)) ionisation balance and the protosolar
abundances by |Lodders et al.| (2009).

For comparison, we also calculated the radiative loss rates
in version 9.0 of the CHIANTI database (Dere et al.|1997; Dere
et al.|2019) using version 0.9.1 of the python package ChiantiPy.
The excitation energies of individual transitions are considered
to be theoretical values (due to more complete dataset of line
energies for different ions), and we used the observed values only
if the theoretical values were not available. The choice of using
theoretical values does not have a significant impact on the final
radiative loss rates for the vast majority of available ions. We
comment on these differences in more detail in Section[5.11

To estimate the uncertainties in different databases, we also
used the upsilon values from ADAS (Summers|2004), for which

! https://spex-xray.github.io/spex-help/
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we used the free electron excitation data from the ion data collec-
tions of OPEN-ADAS? We calculated the radiative loss rates for
a set of oxygen ions and prioritized the most complete datasets
with the highest number of levels (if multiple data files contain
the same number of levels, we prioritized the data file with the
widest temperature range that can be compared to our calcula-
tions). The ADAS datasets together with references, number of
levels, and temperature range for oxygen ions are shown in Ta-
ble Il We then calculated the total radiative loss rate on the tem-
perature grid available for each ion (significantly narrower than
the temperature grid we choose for SPEX, MEKAL, and CHI-
ANTI).

3. Results

The excitation rate S;; and the excitation energy E;; for all the
transitions from the ground level to upper levels allows us calcu-
late the total radiative loss rate due to collisional excitation for
individual ions using Eq. (3). In the following sections, we calcu-
late the radiative loss rates in SPEX and show the comparison to
different databases or codes. We also address other aspects that
need to be considered while obtaining these rates.

3.1. Effect of the maximum principal quantum number

The highest energy loss and therefore the strongest emission
lines in the case of the collisional excitation come from the low-
est levels of the atom or ion. But with the improvement of the X-
ray spectroscopy, the emission lines originating from the higher
levels become visible in measured spectra as well. To quantify
the effect of the maximum principal quantum number » used in
the calculations we studied the dependency of the cumulative
radiative loss rate (due to the collisional excitation only) on var-
ious n for a set of ions (as well as temperatures) for which the
SPEX database includes the transitions up to the principal quan-
tum number 20. In particular, these ions are Cvi, O vm, Sixiv
and Fe xxvi. We calculated the difference between the cumula-
tive radiative loss rate for transitions n < 5 and compared it to the
radiative loss rate when all transitions with n < 20 are taken into
account. For all mentioned ions, the difference between n < 5
and n < 20 cumulative radiative loss rates for low temperatures
is less than 1%, while for higher temperatures this difference in-
creases up to 5-6 % (see Fig.[I). Therefore, not including the
transitions for n > 5 introduces uncertainties in the radiative loss
rates that are smaller than 6%. A similar conclusion was obtained
in |[Hitomi Collaboration et al.| (2018)).

Fig.[T]only considers H-like (one-electron) systems. If more
complex systems are taken into account, the number of levels
that are included in the calculations can affect the resulting ra-
diative loss rate. This is discussed in [Lykins et al.|(2013) for
the case of collisional plasma as well as photoionised plasma.
Authors show that, in general, more levels are needed in the col-
lisional case in comparison with the photoionised case. The final
optimal number of levels that is considered is 100 (25) for iron
ions and 50 (25) for other ions in the collisional (photoionised)
case. If such a number of levels is included in the calculations,
the cooling rates can be reproduced within 1% (0.1%) up to max-
imum of 5% for the collisional (photoionised) case. As we show
in Table [2| for a selection of ions, SPEX includes a sufficient
number of levels and fulfills this requirement.

2 https://open.adas.ac.uk/
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Fig. 1. Top panel: Cumulative radiative loss rate for all transitions up
to the principal quantum number 5 A (n < 5) for H-like ions plotted
relatively to the cumulative radiative loss rate for all transitions up to the
principal quantum number 20 Aq(n < 20) as a function of temperature.
Bottom panel: Cumulative radiative loss rates for O vim up to various
values of 7 relative to A (n < 20).

3.2. Contribution of resonant excitation

In the process of a dielectronic recombination, a free electron is
captured while exciting a bound electron. This creates a doubly
excited state that is not stable and can be followed by a radiation-
free transition to a non-ground level and a loss of an electron.
This process is called resonant excitation (RE). As a result, the
ion gets to the excited state using less energy in comparison with
the energy that would have been needed in the case of direct
excitation.

The SPEX database for resonant excitation is currently in-
complete but it contains a significant amount of resonances for
the whole H-like iso-electronic sequence and almost all He-like
ions (besides Her1, Lim, Benr and B 1v). If lines produced by RE
are available in the SPEX database, they are already accounted
for in the total excitation rate. To quantify the difference between
the radiative loss rates including or excluding RE (for transitions
to the ground level), we calculated the total radiative loss curve
per ion for both scenarios. By calculating the ratio of the total
radiative loss rate with RE and the total radiative loss rate with-
out RE, we found that if RE was taken into account, the radiative
loss rates were higher than the radiative loss rates excluding RE,
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Table 1. Summary of O1-O vin data files used for calculation of the radiative loss rates due to collisional excitation in ADAS.

ion number of levels | file name in OPEN-ADAS | temperature range | reference
[eV]

O1 554 ic#o0.dat 0.009 - 172 [1]
On 668 ic#ol.dat 0.034 - 689 [1]
Om 590 clike_jm19#02.dat 0.155 - 1551 [2]
Orw 204 blike_lgy12#03.dat 0.276 — 2757 [3]
Ov 238 belike_lfm14#04.dat 0.431 -4308 [4]
Ovi 204 lilike_lgy10#05.dat 0.620 — 6204 [5]
Ovu 49 ic#o6.dat 0.422 — 8444 [1]

O v 25 ic#o7.dat 0.551-11030 [1]

References. [1] Giunta 2012 (available online); [2]|Mao et al.|(2020); [3] Liang et al.|(2012); [4]|[Fernandez-Menchero et al.|(2014); [5]|Liang &

Badnell| (201 1).

Table 2. Number of levels included in the SPEX database for C, O, Si,
and Fe from H-like to C-like iso-electronic sequences.

number of levels in SPEX
iso-electronic sequence | C (0] Si Fe
H-like 284 284 284 284
He-like 678 678 678 678
Li-like 885 885 885 889
Be-like 753 727 753 808
B-like 719 973 972 1100
C-like 1199 1218 1218 1525

and its effect was typically ~ 15% (for example, for Sixiv and
kT ~ 0.2keV).

3.3. Comparison of radiative loss function for SPEX and
MEKAL

First, we calculated the radiative loss rates for SPEX (version
3.06.01) and compared them to the radiative loss rates obtained
with MEKAL (Mewe et al.[1985]|1986)), and (Mewe et al.[1995)).
In this paper, we showed the comparison to|Schure et al.| (2009),
which is the latest work regarding the updates of the radiative
loss function in SPEX. SPEX version 2.00.11 was based on the
MEKAL line-emission model (for all elements including oxy-
gen shown in this work as an example, except for iron, which
was calculated using the HULLAC code Bar-Shalom et al.|[2001))
with the addition of new lines in the 200-2000 A band (Mewe
et al|[1995). The main rationale for comparing our results to
MEKAL is the fact that the data generated by MEKAL are still
widely used while analysing the X-ray spectra. We showed how
the update of the collisional excitation affected the radiative loss
function. Later in the paper (see Section [d), we also show the
impact on the cooling curve in the photoionisation model pion
in which the cooling by collisional excitation used to be calcu-
lated based on the MEKAL code (for SPEX version 3.05.00 and
earlier).

In SPEX, we obtained the excitation rates and the excitation
energies from the SPEXACT database, and we calculated total
radiative loss curves using the Eq. (3) (we remind the reader that
we only consider excitations from the ground level for now). In
the case of MEKAL, we obtained the excitation energy and the
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emission rate (in photons/s) for each transition by excluding the
contributions from other processes (such as radiative and dielec-
tronic recombination, inner shell ionisation, proton excitations
and dielectronic satellite lines), and we only took into account
the contribution from the electron excitations. The total radia-
tive loss rate for each ion was then calculated as the sum of the
product of the excitation energy and the emission rate over all
transitions.

A comparison of the total radiative loss rates per ion can be
seen in Fig.[2] We see that the updated radiative loss curves either
have similar shapes but different normalisations (see Be-like ions
Cu, Ov, Nevr for which the MEKAL code overestimated the
cooling rates at temperatures below 10keV but underestimated
the cooling rates for temperatures above 10keV) or the shapes
of the curves vary, as can be seen for Cm and Sivm. Updated
radiative loss curves for ions such as Ne vi, Mg vii, and Al 1x dif-
fer from MEKAL by a few orders in the range 1073-102keV,
which arises from the extension of the energy band to the UV
and IR regimes (in comparison with the MEKAL code, which is
focused on purely X-ray regime).

More specifically, for Be-like ions Cui, O v, and Ne vit the
main difference between the SPEX and MEKAL radiative loss
rates at low temperatures is caused by a single line for the transi-
tion from 2s2p 'P; to the ground state 2s> 'S,. We illustrate this
with the example of C m, where the line occurs at 977 A. In Ta-
ble[3] we show the values for the Maxwellian-averaged collision
strengths Q(7') of Cr at 0.01keV for some spectral codes.

From Table[3] we can see that different codes arrive at values
up to two times larger or smaller than the adopted SPEX value.
A more careful analysis of the best available data for this transi-
tion for a broad range of temperatures is clearly needed, but it is
beyond the scope of this paper.

For Nevr at low temperatures, most cooling in the SPEX
code is caused by the 2p *Py/, - 2p 2Py, transition at 75622 A
(magnetic dipole transition); this transition is not present in the
MEKAL code. At high temperatures, the main difference comes
from the 2p 2Py, - 3d D3, transition; the excitation energy of
this transition is only 101 eV, so at high temperatures the excita-
tion cross-section is dominated by the high-energy limit propor-
tional to the logarithm of the energy; in the SPEX code, which is
based on calculations with the FAC code, the constant of propor-
tionality is about two times larger than the default value of 0.276
adopted for MEKAL.

For Mg vn and Alix, similarly to the case of Nevr at low
temperatures, infrared transitions between the 2p> *P; and 2p?
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Fig. 2. Comparison of collisional excitation radiative loss rates from SPEX version 3.06.01 (red solid line) and MEKAL (blue dash-dotted line)
for a representative sample of ions. We refer the reader to Section [3.3|for a detailed description of differences between SPEX and MEKAL for
these ions.

3Py ground state dominate the cooling at low temperatures for
SPEX, but these transitions are absent from the MEKAL code.

In addition, the MEKAL code only contains two transitions of
Alx so the lack of flux at higher temperatures is not surprising.
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Table 3. Comparison of the Maxwellian-averaged collision strengths Q(T) at T = 0.01keV of the C u1 line at 977 A (transition from 2s2p 'P; to
the ground state 2s? 'Sy) between different plasma codes and atomic databases.

code Q(T) | remarks
MEKAL 10.48 Based on [1] which uses a scaled value from the Fe results given by [2] using A = 0.5, B = 0.3 and
E =0.276 in Eq. A7 of that paper. This paper cites the distorted wave calculations of [3].
SPEX 5.93 | Based on older FAC“ calculations made by A.J.J. Raassen.
CHIANTI v. 9.0 | 4.93 | R-matrix calculations [4].
OPEN ADAS 4.51 | R-matrix calculations in combination with an intermediate coupling frame transformation [5].
AtomDB v. 3.0.9 | 2.71 | Refers to CHIANTI 6 [6], [7].

References. [1] Landini & Monsignori Fossi| (1990); [2] [Mewe et al.| (1985); [3] Bhatia & Mason| (1981); [4] Berrington et al.| (1985); [5]
Fernandez-Menchero et al.|(2014); [6] Dere et al.|(1997); [7] Dere et al.|(2009)).

Notes. @ Flexible Atomic Code described by [Gul (2002} [2008) https://github.com/flexible-atomic-code/facl

In Cm, the MEKAL code only contains six spectral lines,
while the SPEX code has thousands of lines, making it more
complete and rendering more flux in most cases. Finally, for
Sivm, the MEKAL COdOG concentrates a lot of flux in the so-
called N1 line at 61.05 A, which is a conglomerate of all 2p to
3d transitions in this ion, including non-ground state transitions.

3.4. Comparison with the CHIANT| and ADAS databases

For the series of oxygen ions (O1 — Ovm) plotted in Fig.[3]
we showed how the radiative loss rates obtained from different
atomic databases and codes (SPEX/MEKAL/ADAS) differed
from CHIANTI (except for O1 and O ions, which are not in
the SPEX database). We summarised the references for oxygen
ions in Tables[T] (ADAS) and @] (SPEX and CHIANTI).

For cases of highly ionised oxygen (O v1 to O vim) and higher
temperatures, SPEX and CHIANTI agree within 10%, but for
Ov the discrepancies rise to ~ 30%. For lower temperatures
around 1073 keV, radiative loss rates differ by 75% for Ov and
26% for O vif'| The discrepancies between SPEX and CHIANTI
at high temperatures are slightly bigger for O 1 and O 1v. To un-
derstand where these differences between SPEX and CHIANTI
are coming from, we summarised the collision strengths data
and origins in Table [4] We see that the data comes from dif-
ferent types of calculations (for example, FAC versus R-matrix
calculations), and different approaches were used to solve the
Schrédinger equation (see for example, Section III of [Kallman &
Palmeri|2007|for more details about these approximations). The
databases of SPEX and CHIANTTI also include different numbers
of lines and differ in the maximum principal quantum number n
that is available for the calculations.

When it comes to O 1, MEKAL radiative loss rates are lower
than CHIANTI radiative loss rates for the whole temperature
range, while for Ou and temperatures above 0.003keV we see
that the MEKAL radiative loss rates are higher than in the case of
CHIANTI. For O1 MEKAL agrees with CHIANTI within 30%
for all temperatures above 0.01 keV, whereas for O 1 it overes-
timates the radiative loss rates by factor of 3 above 0.01 keV.
MEKAL is also an outlier for the case of higher ionised oxygen
as the dataset used in MEKAL is less complete and is outdated.
For O1v, the MEKAL values differ substantially from the CHI-
ANTI values, because, as for other ions, several multiplets at

3 Data for radiative loss rates at these temperatures for O vir and O v
are below the threshold of 1072 keV m? s™! that we introduced due to
numerical uncertainties.
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long wavelengths are treated as a single line and the MEKAL
code has only 11 lines for this ion.

For all ions besides O1 and O, the ADAS radiative loss
rates agree with CHIANTI within 10% (for O vi and tempera-
tures around 1073 keV the agreement is within 20%). In the case
of lower ionisation states of oxygen at low temperatures, we see
that ADAS overestimates the radiative loss rates in comparison
with CHIANTI by a factor of 2 and 5 for O and O1, respec-
tively.

Overall, we see many discrepancies between SPEX,
MEKAL, CHIANTI, and ADAS databases, which might be
caused by several factors, for instance different approaches for
calculation of the collision strengths, not accurate or even miss-
ing atomic data, different values of line energies or the amount
of transitions used in the atomic database. This shows that the
constant updates of the atomic physics codes and the atomic
databases is needed in order to prepare for unprecedented level
of details provided by the upcoming X-ray missions, namely
XRISM and Athena.

3.5. Updated dielectronic recombination and its contribution
to overall cooling

In this paper, we put emphasis on the role of cooling due to radia-
tive losses caused by collisional excitation. In order to quantify
its role in astrophysical situations, we also studied the plasmas in
photoionisation equilibrium in Sectiond] where we described the
plasma by the photoionisation model pion. However, a fraction
of the total cooling may also be carried by dielectronic recom-
bination (DR), which was ignored in the previous versions of
pion (Mehdipour et al.|[2016). Since then, we have included the
radiative losses caused by DR in the pion model. For other pro-
cesses that lead to cooling and are included in SPEX, we invite
the reader to consult Section4.2]

We implemented the radiative loss rates from DR in SPEX as
follows: for ions for which the new collisional calculations were
available, the radiative loss rate was obtained from the product of
the DR rate that was used for the computation of the occupation
of the excited levels and the corresponding energy of the auto-
ionising level. For all other ions, we used the DR contribution as
taken from the MEKAL code.

In all practical cases presented in this paper, we found that
the DR did not contribute by more than a few percent to the total
cooling rate.


https://github.com/flexible-atomic-code/fac
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Table 4. References, number of levels included in the database and the maximum principal quantum number 7 for O1-O vin data files used for

calculation of the radiative loss rates in SPEX and CHIANTIL.

ion 1CVCISSPEX NSPEX referencespEX 16VClSCH1ANTI NCHIANTI referenceCHIANTI
O1 - - - 7 3 [1], [2], [3]
On - - - 35 3 [41, [5]
Om 1003 5 [6] 46 3 [7], [8], [9], [10]
O 627 5 [6] 204 4 [11]

Ov 219 6 [6] 166 5 [12], [13]
Ovi 282 5 [6], [14] 923 8 [15]

Ovn 247 10 [6], [16] 49 5 [17]

O v 164 20 [6], [18] 25 5 [19]

References. [1][Bell et al.| (1998)); [2] Zatsarinny & Tayal| (2003)); [3]|Froese Fischer & Tachiev|(2004)); [4]({Tayal|(2007); [5]|Kisielius et al.|(2009);
[6] T. E. Raassen” using FAC code; [7]|Aggarwal| (1983); [8]|Aggarwal| (1985); [9] Bhatia & Kastner| (1993); [10]|Lennon & Burke| (1994); [11]
Liang et al.[(2012); [12]|Kato et al.| (1990)° ; [13] Landi et al.|(2013); [14]Zhang et al.|(1990); [15]|Liang & Badnell|(2011); [16]/Sampson et al.
(1983); [17]|Whiteford et al.|(2001)); [18]|Aggarwal & Kingston| (1991a); [19] Ballance et al.| (2003).

Notes. @ Data are public as a part of the SPEX plasma code and can be downloaded here https://spex-xray.github.io/spex-help/.
® These data were updated by Berrington, K.A. More information can be found in|Landi et al.|(2006).

3.6. Implementation of updates to PIE model in SPEX

In SPEX versions 3.05.00 and earlier, in the photoionisation
model pion the radiative loss by collisional excitation was calcu-
lated using the MEKAL code. Now we update these calculations
by applying the results from the previous sections assuming the
plasma is in the low-density regime. This new model is then used
for calculations in Section 4] where the sample of ions used for
the updated radiative loss by collisional excitation is shown in
Fig.[d] We prioritised ions from the SPEX database and extended
our sample with ions from the CHIANTI database. The ions
such as Ner1, Arvi, Carv, Nix were included from the MEKAL
database. In order to facilitate the interpolation, we rescaled Aexc
according to the following expression:

F(T) = Aexe VKT exp (i;ff) , @)
where E.q is the excitation energy from the ground level to the
second level. These rescaled radiative loss rates per ion were
then used for the final interpolation to get the total radiative loss
curve expressed on a chosen temperature grid. We interpolated
log f as a function of log T using three-point Lagrangian inter-
polation for a grid with spacing 0.05 in log T between 1073 keV
and 100 keV and linear extrapolation in log f — log T space out-
side this range in order to secure an accurate interpolation.

3.7. Contribution from metastable levels

In the previous sections, we analysed the radiative loss rates by
the collisional excitation for the transitions from the ground level
to upper levels in the low-density plasma regime.

In this section, we discuss the contribution of the metastable
levels to the overall radiative loss. This plays an important role
in the high-density plasmas. We showed how the radiative loss
by collisional excitation from the metastable levels differed in
comparison to the radiative loss by collisional excitation from
the ground level. If the density of plasma is high enough, the
metastable levels can be highly populated and may contribute
to the total radiative loss significantly, even more so than the
ground level. For example, Mao et al.| (2017b) found that if the
hydrogen number density ng 2 10'*m™, the first three excited
levels of Be-like ions (2s2p 3Py_,) are significantly populated

Table 5. Metastable levels (in energy order) for which the radiative loss
rates were calculated (level 1 represents the ground level).

iso-electronic sequence levels
Be-like Mg- 1-4
B-like Al- 1-2
C-like Si- 1-5
N-like P- 1-5
O-like S- 1-5
F-like Cl- 1-2

(%1% of the ground level population). However, for the same
density the metastable levels of Be-like ions are less populated
than the metastable levels of B-like and C-like ions.

SPEX can be used in the high-density regime for the calcu-
lation of spectra in collisional ionisation equilibrium, but it has
not been updated yet to include the high-density regime in the
calculation of the ionisation balance. Therefore, the present cal-
culations of the radiative loss rates from the metastable levels are
not yet used in the current version of SPEX. We note here that,
for higher densities, the effect of collisional de-excitation in the
radiative loss should be taken into account. The radiative loss by
collisional excitation (either from the ground level or from the
metastable levels) in this paper was calculated only in the low-
density limit.

In Table [5} we list all the lower levels from which the radia-
tive loss rates by collisional excitation were calculated for the set
of Be-like to Cl-like iso-electronic sequences besides Ne and Na
(level 1 represents the ground level). For example, if we calcu-
late the radiative loss rates from level 2, this effectively means
taking into account transitions from the second level to all upper
levels available in the SPEX database.

In Fig.[5} we show the contributions from metastable lev-
els relatively to the contribution from the ground level using
the SPEX database in the example of Ov (the definition of
metastable levels for Ov can be found in Table [6). For kT ~
0.002 keV, the contribution from the second and third levels is
higher by more than a factor of two in comparison with the con-
tribution from the ground level and on contrary the contribution
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Fig. 3. Radiative loss rates due to collisional excitation for SPEX (red solid line), MEKAL (black dashed line), and ADAS (blue dotted line)
plotted relatively to CHIANTI for O 1— O v ions. We refer the reader to Section [3.4]and Tables[T] (ADAS) and @ (SPEX and CHIANTI) for more

detailed descriptions of the differences seen in these databases.

from the fourth level is lower than the contribution from the
ground level. Towards higher temperatures, the ratios decrease
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with a local minimum around k7" ~ 0.01-0.02 keV. At very high
temperatures above 3 keV, the curves indicate a higher contribu-
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Fig. 5. Contribution of metastable levels to the radiative loss rates shown
relatively to the radiative loss rates only from the ground level for Be-
like oxygen. The red solid line, green dash-dotted line, and blue dotted
line represent the ratio of the total radiative loss rate from the second
level (lev=2), the third level (lev=3), and the fourth level (lev=4) rela-
tively to the radiative loss from the ground level (lev=1), respectively.
The definition of metastable levels can be found in Table

Table 6. Definition of the ground level (level 1) and metastable levels
(levels 2—4) and the energies for O v in SPEX.

level configuration term energy
[x1072 ke V]
1 1% 2¢? 'S 0.000
2 1s?2s!' 2p! 3Py 1.038
3 1s22s' 2p! 3P, 1.039
4 152 2s' 2p! p, 1.043

tion to the radiative loss from metastable levels than from the
ground level.
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Fig. 6. Ratio of radiative loss rates due only to line radiation for the
SPEX version 3.06.01 and MEKAL as a function of temperature (blue
solid line) and for both line and continuum radiation (black dashed line).
The four biggest differences are pointed out by black arrows and are
caused by updates of resonant excitation (kT < 1073 keV), collisional
excitation (2 x 107 < kT < 107! keV), radiative recombination (kT >
10keV), and Hi1 collision strengths (kT ~ 1.5 x 1073 keV).

3.8. Calculation of the total cooling curve in SPEX and the
comparison to MEKAL, Cloudy, and APEC

Fig.[6] shows the difference between the SPEX version 3.06.01
and the MEKAL code for the total radiative loss due only to line
radiation (solid blue line) and for both line and continuum ra-
diation (black dashed line). We can divide the figure into four
sections: (a) kT > 10keV, where the updates of the radiative
recombination were already done by [Mao et al.| (2017a); (b)
2 x 1073 < kT < 107" keV, with the most significant difference
caused by the updated database for collisional excitation (this pa-
per); (c) kT < 1073 keV, where the difference is mainly caused
by resonant excitation; and (d) kT ~ 1.5 x 1073 keV, where the
updates of Hr1 collision strengths considering data from [Ander-
son et al.| (2000) and revised by |Anderson et al.| (2002) are in-
cluded in the latest SPEX version. The Be-like ions Cmr, O v and
Ne vi (more specifically transitions from 2s> to 2s2p) account
for the most significant contributions to the dip in the 2 x 1073~
107" keV range, where for this energy range the MEKAL cal-
culations overestimate the total radiative loss by approximately
60% in comparison with SPEX.

We present the final updated total cooling curve in SPEX as
well as individual contributions to this curve from different ele-
ments in Fig.[7] We note that this is not a radiative loss curve as
discussed in the sections before. We also include all transitions
from lower to upper levels (as opposed to the previous calcula-
tions that considered the transitions only from the ground state
to the upper levels) and continuum emission. The calculation as-
sumes |[Lodders et al.| (2009) abundances and the [Urdampilleta
et al.| (2017) ionisation balance. We plot contributions from the
15 most abundant elements (H, He, C, N, O, Ne, Na, Mg, Al,
Si, S, Ar, Ca, Fe, Ni) that are present in the MEKAL and SPEX
database.

In Fig.[§ we compare the updated total cooling curve from
SPEX to the total radiative loss curve from |Schure et al.|(2009).
We also plot the total cooling curve from Cloudy and the total
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Fig. 7. Total cooling curve obtained in this work (black solid line) and
individual contributions to the total cooling from different elements.

radiative loss curve from APEC. The total radiative loss curve
by Schure et al.| (2009) uses MEKAL calculations and assumes
Anders & Grevesse (1989) abundances and the ionisation bal-
ance from|Arnaud & Rothenflug| (1985) for all present elements
in MEKAL besides iron, for which the |Arnaud & Raymond
(1992)) ionisation balance is used. The radiative loss curve from
APEC (Smith et al.|2001)) is calculated using PyATOMDBE] ver-
sion 0.10.8, |[Lodders et al.| (2009) abundances, and the Bryans

* https://github.com/AtomDB/pyatomdb
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et al.[(2009)) ionisation balance. We also include the total cooling
curve from Cloudy for which the calculations were performed
with version 17.01, last described by [Ferland et al.| (2017). To
obtain the Cloudy curve that can be directly compared to SPEX
(therefore we discuss the cooling curve and not the radiative loss
curve in the following text), we carefully rescale the Cloudy
cooling rates and divide them by the product of the hydrogen
and the electron density. For that, we obtain the hydrogen den-
sity for the specific temperature from SPEX, use it as an input to
Cloudy calculations, and as an output we get the Cloudy cooling
rates as well as the electron density that Cloudy assumes for the
assumed hydrogen density (for Cloudy it is necessary to give the
hydrogen density to run the calculations, whereas SPEX needs
the electron density for version 3.06.00 and lower). These quan-
tities are used for rescaling the Cloudy cooling rates from units
of [erg X cm ™3 x s7!] to units of [keV x m? x s~'] which are used
in the graphs throughout this paper.

In the energy range from 2x 1072 to 30 keV, APEC and SPEX
are in reasonable agreement. For higher energies, the differences
are negligible (approximately 2% at 86 keV), even though SPEX
and APEC use different treatments of relativistic corrections to
the Bremsstrahlung emission (free-free emission). SPEX uses
the correction described in Eq. (B4) in |[Kylafis & Lamb| (1982)
(based on|Gluckstern et al.| (1953))). On the other side, APEC (to
be more precise, its PyAtomDB module) offers the user to use
either a non-relativistic (Hummer||1988)), semi-relativistic (Kel-
logg et al.|[1975)), or relativistic (Nozawa et al.[|[1998)) version of
Bremsstrahlung. In Fig[8] we plot the relativistically corrected
Bremsstrahlung using (Nozawa et al.|1998)).

The cooling curves from SPEX (this work) and Cloudy
agree reasonably well for all temperatures besides very low ones
around 2 eV (cooling due to neutral hydrogen) and higher tem-
peratures above 10keV, where the main differences come from
the relativistic corrections to Bremsstrahlung, where Cloudy
usesvan Hoof et al.|(2015)). Even though both codes use the Born
approximation, we still see significant differences in the rela-
tivistic corrections to Bremsstrahlung (by approximately 28%
at 100keV). However, these energies are not the main inter-
est of our paper and therefore we did not investigate the dif-
ferences in specific treatments of the relativistic corrections to
Bremsstrahlung in more detail.

Our new cooling curve is now more in agreement with
Cloudy, especially at temperatures around 102 keV (~ 10’ K).
This is mainly due to the updates of carbon, oxygen, and neon
ions. This agrees well with the findings of [Lykins et al.| (2013),
which states that Schure et al.| (2009) finds significantly more
cooling in this regime in comparison with Cloudy and that the
most probable reasons for that are the differences in the atomic
data for oxygen and carbon, since these are the main coolants for
these temperatures.

We also improve the cooling for the temperatures around
2.5eV where we find significant discrepancies between SPEX
and other codes. For this temperature, the bulk of the difference
between Cloudy and SPEX comes from the cooling by H1 from
which 71% is produced by Lyman « lines and 8% is produced
by Lyman g (considering a CIE plasma). The SPEX data for
H I in version 3.06.00 and older were based on the extrapola-
tions of R-matrix calculations of C VI (Aggarwal & Kingston
1991a)), Ne X (Aggarwal & Kingston|1991b), Si XIV (Aggarwal
& Kingston|[1992b)), and Ca XX (Aggarwal & Kingston|/1992a)
with an assumption that the Gaunt factor does not strongly de-
pend on the atomic number Z and is more or less constant along
the iso-electronic sequence. This assumption, however, breaks
for the neutral atoms (van Regemorter| 1962) and influences the
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Fig. 8. Comparison of the updated total cooling curve from SPEX
(black solid line) and Cloudy (purple dashed line) to the total radia-
tive loss curve from Schure et al.|(2009) (blue dash-double-dotted line)
and APEC (green dash-dotted line).

collision strength calculations. Due to this assumption, there was
a significant difference between cooling in SPEX and Cloudy
around 2.5eV.

After a careful comparison of various calculations that are
available in the literature, we replaced the collision strengths
for neutral hydrogen with data from CHIANTI in SPEX version
3.06.01 (which is used in this paper). This data is based on |An-
derson et al.| (2000) and revised by |Anderson et al.| (2002)). The
update resulted in a decrease in SPEX cooling due to neutral hy-
drogen by a factor of three for temperatures around 2.5eV and
now shows a better agreement of SPEX and other plasma codes.
For our final updated cooling curve based on the calculations
and discussions in this paper (including the updates of the radia-
tive loss rates due to collisional excitation and the updates of the
collision strengths of neutral hydrogen), we invite the reader to
check the black line in Fig.[7]and Fig.[§]

Lastly, Fig.[9] shows the comparison of the radiative loss
curve obtained with MEKAL (the same as presented in [Schure
et al.| (2009)) and the radiative loss curve obtained from the cie
model in SPEX (version 3.06.01), as well as the cooling curve
obtained from the pion model used in its CIE limit (ionisation pa-
rameter is set to zero). As we already mentioned in the introduc-
tion, unless the processes such as heat conduction or magnetic
fields are taken into account, for the low-density CIE plasma in
an enclosed, non-expanding box, the total cooling is the same
as the energy radiated away. This holds true if the cooling is
defined as the energy loss of the population of free electrons.
However, if we consider individual atomic processes, the cool-
ing and the radiative loss do not have to be the same, as in the
case of collisional ionisation or radiative recombination, for ex-
ample. For collisional ionisation the cooling is greater than the
radiative loss (the cooling by the free electron is equal to the
ionisation potential of the relevant ion, nothing is radiated away,
and the energy loss is zero), whereas for radiative recombination
the cooling is less than the radiative loss; the contribution to the
cooling comes from the kinetic energy of the free electron that
is being captured, while the contribution to the total radiative
loss is the kinetic energy of the free electron plus the ionisa-
tion potential of the ion into which the free electron is captured.
However, since in the balanced plasma the number of ionisations
is equal to the number of recombinations, these differences be-
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Fig. 9. Comparison of the radiative loss curve obtained from Schure
et al.| (2009) (blue dash-dotted line), the radiative loss curve obtained
from the cie model (red dashed line) in SPEX version 3.06.01, and the
cooling curve obtained from the pion model (black solid line) in its CIE
limit (zero ionisation parameter).

tween cooling and radiative loss for the ionisation and the recom-
bination processes (for instance also dielectronic recombination)
cancel out. However, if we pay a close attention to the red and
black curves in Fig.[9] we see that the total cooling curve is not
the same as the total radiative loss curve for CIE plasma such
as that described above. The reason is that the spectral calcula-
tion in the CIE model in SPEX still lacks the relevant complete
and updated atomic data for several ions, in particular the ions
for which we used Chianti data for the cooling contribution (see
Fig.[). Correcting for this discrepancy at low temperatures is
out of the scope of this paper and will be addressed in the future
releases of SPEX.

4. Application: Stability curve for photoionised plas-
mas

In the previous sections, we focused on a CIE plasma when
no additional source of excitation or ionisation other than col-
lisions with free electrons played a role in exciting (ionising) the
plasma. In this section, we examine plasma that is exposed to
such external source of ionisation, and we assume the plasma is
in photoionisation equilibrium.

We updated the cooling function of the photoionisation
model pion according to Section [3.6] (specifically the contribu-
tion to the cooling by the collisional excitation described in Sec-
tions [2] and 3.3} dielectronic recombination described in Section
[3.3] and the update of the collision strengths of neutral hydro-
gen discussed in Section [3.8) and quantified the changes be-
tween the most recently updated SPEX (this work, SPEX ver-
sion 3.06.01), and the previous one, SPEX version 3.05.00. We
calculate the stability curve for plasma (the so called S-curve)
and compare the results of our new updated cooling to the cool-
ing in SPEX version 3.05.00, which uses the MEKAL code to
calculated the cooling by collisional excitation. We remind the
reader that the cooling/heating we refer to in SPEX relates to the
cooling/heating of the population of free electrons only.
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4.1. Thermal stability curve

While determining the ionisation equilibrium in PIE plasma, it
is convenient to define the ionisation parameter & (Tarter et al.
1969; [Krolik et al.|[1981])

L
nHr2 ’

&= &)
where the ionising source is described by the luminosity L over
the energy band 1-1000 Rydbergs, ny is the hydrogen density,
and r is the distance of the plasma from the source of ionisa-
tion. To obtain the thermal stability curve, we need to define the
ionisation parameter in its dimensionless pressure form E:

1 ¢
drck T °
where c is the speed of light, k is the Boltzmann constant, and
T is the electron temperature. On the S-curve, the total cooling
rate is equal to the total heating rate. Based on the slope of the
S-curve (positive or negative), one can tell whether the plasma is
thermally stable (dT/dZ > 0) or thermally unstable (d7'/dE <
0).

- =
—_ =

(6)

4.2. Obtaining the S-curve in SPEX

After updating the cooling rates for the pion model, we com-
pared new S-curves (following the updates in Section [2] and
[B) with the S-curves obtained from SPEX version 3.05.00 for
three different spectral energy distributions (SEDs) based on
Mehdipour et al.| (2016)): (a) a power-law continuum (labelled
PL) in the energy band 10~#~10° keV, with the photon index as-
sumed to be I' = 2; (b) an unobscured active galactic nucleus
(AGN) that corresponds to NGC 5548 (Mehdipour et al.|2015]
labelled AGN1); and (c) an obscured version of AGN1 (labelled
AGN2). We described plasma photoionised by such SEDs in
SPEX with the pion model. The transmitted spectrum was then
calculated when the photons emitted from the ionising source
ionised the plasma and by using the plasma routines in SPEX;
the photoionisation equilibrium (ionisation and energy balance)
was calculated self-consistently. In SPEX, the atomic processes
that contribute to the total cooling are: inverse Compton scatter-
ing, electron ionisation, radiative recombination, free-free emis-
sion, collisional excitation, dielectronic recombination, and adia-
batic expansion.The atomic processes that contribute to the total
heating are: free-free absorption, photo-electrons, Compton ion-
isation, Auger electrons, collisional de-excitation, and external
sources of ionisation.

We selected the grid for the ionisation parameter £ in the
1077-10'"nWm range, and for each & we obtained the equilib-
rium electron temperature 7. The pressure form of the ionisation
parameter = was then calculated using Eq. (6).

4.3. A new stable branch

We show the ratio of the total cooling rate as a function of equi-
librium temperature k7" for SPEX version 3.06.01 (this work)
and SPEX version 3.05.00 in Fig.[I(] for all SEDs mentioned
in Section #.2] We show a similar comparison for the radia-
tive loss curve for the CIE case in Fig.[6] where we compared
SPEX version 3.06.01 to its precursor, MEKAL. In Fig.@} we
make a comparison to the latest previously published update by
Mehdipour et al.|(2016).

The biggest difference between SPEX 3.06.01 and 3.05.00
can be seen for equilibrium temperatures from 1073-2x102 keV
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Fig. 10. Ratio of the total cooling curve for the updated pion model
(this work) and the previous version calculated with SPEX v 3.05.00 as
a function of the equilibrium temperature k7.

(apart from the resonant excitation around 1073 keV, which is
not the main focus of this paper) where the total cooling de-
creased by almost 30%. This result is expected since the updates
of the collisional excitation and the H1 collision strengths caused
a decrease in the total radiative loss curve, as we show in Fig.@
Fig.[8] and Fig.[0]

Knowing the equilibrium temperature and the ionisation pa-
rameter makes it possible to calculate the dependence of E =
E(kT) using Eq. (6)) and obtain the stability curves. The S-curves
for all three SEDs before and after the updates are plotted in the
top panel of Fig.[TT] where for values of = > 20 the S-curves do
not change their shape or normalization, while for Z < 107! the
equilibrium temperature decreases significantly towards lower
values of E.

If we look at the bottom panel of Fig.[TI] where we see
a zoomed-in view of the upper panel for = € (1,20) and
kT € (1073, 1)keV, we notice a different behaviour and the
change of the slope in two specific cases: (a) AGNI1, kT" ~
10~ keV and E ~ 7, where the S-curve is almost vertical; and
(b) AGN2, kT ~ (1.43-1.82) x102keV and Z € (10.17-10.96),
where an additional stable branch is found. We address the ionic
column densities that are peaking on these stable branches in the
following sub-section.

4.4. lonic column densities

In Fig.[12] and Fig.[T3] we show where the individual ionic col-
umn densities N, peak on the S-curve in (kT, E) phase space
for AGN1 and AGN2 SEDs, where we find the changes in the
S-curve slope (see Section f.3). As an example, we show the
maximum ionic concentrations for C, O, Ne, Mg, Al, Si, and
Fe. For AGN1, we find that Al xm, Si x1v, Fe xx, and Fe xx1 ions
peak at the branch that changed from positive (stable) to almost
vertical. In the case of AGN2, the ions which peak on the new
stable branch are O vmi, Nex, Mgx, Mgxi, Alx, Alxi, Alxm,
Six, Sixi, Sixm, Fex, Fexi, Fexm, Fexm, and Fe xiv. For the
case of AGN2, before the updates these ions were peaking on
the unstable branch. After the updated cooling is implemented
to pion these ions are found on the new stable branch and could
be potentionally observed (based on the column densities) in
the photoionised gas with equilibrium temperature around 1-2
x1072keV.
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Fig. 11. Stability curves for new (this work) and SPEX version 3.05.00
(labelled as SPEX old) calculations after implementing the updates
of the collisional excitation, dielectronic recombination and collision
strengths of neutral hydrogen (top panel), and a zoomed-in view for
Z € (1,20) and kT € (1073, 1) keV (bottom panel).

From Fig.[12] and Fig.[I3] one might infer, for instance, that
there is no highly ionised iron at all (Fe x1x to Fe xxv1) because
most of it would fall on the unstable branch of the S-curve. This
is not the case, because these ions are formed over a broad range
of ionisation parameters or temperatures (in these figures, we
only show where the ionic column densities peak). For example,
Fe xxv and Fe xxv1 have concentrations larger than 10% of their
peak concentration over a range spanning a factor of 20 in tem-
perature. Similarly, for the lower ionised ions of iron, the stable
regions can offer sufficient Fe x1x to Fe xx1v to be detectable. Ob-
viously, the total measured column density for these ions might
be reduced because contributions from the unstable regions are
missing.

5. Discussion

5.1. Theoretical calculations

Because radiative cooling occurs on various scales throughout
the Universe, the importance of understanding the details and
atomic processes that lead to gas cooling down are central to our
knowledge of astrophysical plasmas. Many line complexes and
spectral features are still hardly resolved with nowadays instru-
ments and therefore in many cases we need to rely on theoretical
calculations of transition probabilities and line energies.

These theoretical calculations cannot be done without ap-
proximations used to solve the Schrodinger equation. These

include independent-particle approximation, variational princi-
ple, many-body perturbation theory (Brueckner|1955;|Goldstone
1957), Born (Born||1926), Born-Oppenheimer (Born & Oppen-
heimer||1927)), the Coulomb-Born-Oppenheimer or widely used
distorted wave (Mott & Massey|1933)), and R-matrix approxima-
tions (Burke & Berrington|(1993).

Theoretical line energies can also differ from measured line
energies. For example, for the calculations made with CHIANTI
(see the ions in Fig.[), and depending on the ion and the com-
plexity of the system, we find differences as low as < 1% but also
as high as 10%. For most ions, the difference between the radia-
tive loss rate (per ion) using theoretical or observational line en-
ergies is less than a few percent, with only a few exceptions when
the difference can be up to 200% (for instance, Clm, Arm, Arv,
Cav). On the other hand, the wavelengths of the dominant lines
in the SPEX code are in general very well benchmarked with
observational data, and the energy uncertainties affect the corre-
sponding ionic cooling rates by a much smaller amount than the
uncertainties in the collision strengths.

All differences in the above-mentioned approximations then
contribute to discrepancies between plasma codes and atomic
databases. On top of that, the calculation of spectra depends
on physical processes that are very complex and often treated
in a simplified manner or are neglected completely (for exam-
ple, before our updates presented in this paper, the radiative loss
by collisional excitation was calculated in the pion model us-
ing MEKAL, and the potassium-to-zinc iso-electronic sequences
were missing). This only shows the importance of constant up-
dates of atomic data and supports independent development of
the plasma codes that can then be compared to measurements.

5.2. Comparison of SPEX to other plasma codes

Such a comparison of differences between plasma codes is also
shown in our results in Section[3] First, we considered the radia-
tive loss curves for collisional excitation in SPEX and compared
them with the radiative loss curves obtained from its precursor
MEKAL, which is still being used by the community to anal-
yse the X-ray spectra. The shapes and normalisations of these
curves vary from ion to ion. As seen from Fig.[6] the significant
difference between MEKAL and SPEX lies in the updates of the
collisional excitation rates for C o, O v, and Ne v ions. The up-
dates resulted in a decrease of the total radiative loss, especially
for temperatures between 2 x 1073-10"" keV. This is also valid
for the total cooling curve, as we showed in the comparison to
Schure et al.| (2009), where the total cooling in the same tem-
perature range decreased by almost 70% (for the temperatures
around 0.01 keV). For this temperature range, the updates of the
collisional excitation resulted in a closer agreement of the to-
tal cooling curve of SPEX with other codes such as Cloudy or
APEC.

As already discussed in Section[3.8] we found that due to in-
correct collision strengths for neutral hydrogen in SPEX up to
version 3.06.00, the SPEX cooling rates were significantly over-
estimated for temperatures around ~ 2.5eV, which is the tem-
perature at which neutral hydrogen is a dominant coolant. After
detailed examination, we decided to adopt the collision strength
values for neutral hydrogen from the CHIANTI database and
used this atomic data in SPEX. This lead to a decrease in SPEX
cooling at this temperature and resulted in a closer agreement
between SPEX, Cloudy, and APEC.
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Fig. 12. Stability curves for AGNI1 (left panel) and AGN2 (right panel), with coloured points indicating the points in (k7', Z) phase space, where
the column densities of C, O, Ne, and Mg peak. The rectangles represent new stable branches found after implementing the updates (described in

this paper) to the photoionisation model pion in SPEX.

5.3. Metastable levels

With Be-like oxygen, we demonstrated the importance of the ra-
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Fig. 13. Same as Fig. but for Al, Si, and Fe ions.

than the radiative loss from the ground level for temperatures
such as those below 2 x 1073 keV and above 3 keV. However, the
radiative loss from metastable levels is not yet included in SPEX,
because to have a fully self-consistent model the ionisation and
recombination rates from and to these metastable levels also
need to be taken into account in the ionisation balance. Although
we show only the metastable levels in the case of collisional ion-
isation equilibrium, many works point out how these metastable
levels are also important for the plasma in photoionisation equi-
librium (see for example, |Osterbrockl||{1974; |[Sutherland & Do-
pital 1993} [Ferland et al./[1998| or one of the recent works of
Bertone et al.[[2013] where in general the cooling gas is stud-
ied via cosmological hydrodynamical simulations in which the
cooling rates become an essential ingredient for understanding
the Universe on large scales. The processes that become impor-
tant at temperatures below 10 K (0.09 keV) are mainly the ra-
diative recombination and two-photon decays of the metastable
levels).
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5.4. Update of the pion model in SPEX

In Section [3.6] we presented an updated model for the cooling
due to collisional excitation only that was applied to pion model.
The updated radiative loss due to collisional excitation lead to
a different contribution from specific processes included in the
overall heating/cooling balance of the photoionised plasmas. For
three different SEDs, we plotted the stability curve for the up-
dated PIE model and noticed two main differences: (a) at low
values of E, the slope of the S-curve became steeper in com-
parison with old calculations; and (b) for E € (1, 20), where the
behaviour of the S-curves changed (mainly for AGN1 and AGN2
SEDs): in the case of AGN1, the S-curve changed its slope to al-
most vertical, while for AGN2 we found a new stable branch. By
calculating where the ionic column densities peak, we showed
which ions lie in the regions of new stability branches. These
ions are then expected to exist under such conditions in the pho-
toionised plasmas (AGN1: Al xm, Sixiv, Fe xx, Fe xx1i; AGN2:
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O vi, Ne x, Mg x, Mg x1, Al x, Al x1, Al x11, Si x, Si x1, Si x11, Fe x,
Fe x1, Fe xm, Fe xm, Fe x1v).

The S-curves for the same sample of SEDs were also stud-
ied in Mehdipour et al| (2016)), where the authors showed the
comparison of SPEX (version 3.02.00) to other photoionisation
codes such as Cloudy (version 13.01) and XSTAR (version 2.3).
In this older version of SPEX, no stable branch for AGN2 was
found for = ~ 10, whereas Cloudy and XSTAR showed a dif-
ferent behaviour (slope of the S-curves is positive). This shows
that by updating the cooling via collisional excitation, which also
affects the total cooling in the photoionisation model, the new
version of the pion model in SPEX predicts S-curves that are in
better agreement with the predictions from Cloudy and XSTAR,
mainly for the AGN2 case where Cloudy and XSTAR already
predicted the stable branch for Z ~ 10. This stable branch was
found in SPEX after the updates of the radiative loss curve pre-
sented in this paper (see Fig.[TT).

In general, the S-curve can be more complicated and can
have multiple stable or unstable branches that depend on the
source of ionisation and its SED as well as chemical composi-
tion and density of the absorbing gas along the line of sight (for
instance, see Hess et al.|1997;[R6zanska et al.|2008;|Chakravorty
et al.|[2009; [Lee et al.|2013)). For example, as |Chakravorty et al.
(2012) showed, this can be caused by the strength of the soft ex-
cess as well as changes in the temperature of the accretion disc.
Among the fairly recent observational papers showing such S-
curves are Mehdipour et al|(2015), and Mehdipour et al.[(2016),
which shows a very unusual S-curve found for ultra-fast outflow
in the quasar PDS 456 (Boissay-Malaquin et al.|2019).

Understanding these stable or unstable branches of S-
curves can be important for studying the surroundings of AGN.
Mehdipour et al.| (2015) show how the obscurer in NGC 5548
shields the ionising radiation and creates a significant unsta-
ble branch on the S-curve. They studied the source in multiple
epochs, and by calculating the S-curves and the peaking ionic
column densities they found that highly ionised states of iron
(Fe xxm and Fe xxvi) fell on the unstable branches for all five
epochs, which lead to the conclusion that these ions might be
lacking in the photoionised gas regardless of the obscured or un-
obscured scenario.

Updating photoionisation models is also important for the
estimation of the so-called absorption measure distribution
(AMD), which describes the ionisation structure of the AGN
wind (the density radial profile of the AGN wind is constrained
by the slope of AMD Behar|[2009) and depends on the ionisa-
tion parameter ¢ and the hydrogen column density Ny. AMD is
defined as (Holczer et al.[|2007)

dNy

AMD = .
dlogé

@)

Such AMD often shows a deep minimum in the column den-
sity profile, corresponding most often to log & roughly between
1 and 2 (but this can differ from source to source). This is in-
terpreted as the thermally unstable gas (for instance, see |Behar
2009; Detmers et al.[2011}; |Stern et al.|2014; |Adhikari et al.[2015
and references therein). If different timescales (for example, re-
combination, cooling or dynamical timescales) are obtained, the
limits to the hydrogen column density and to the distance of the
absorber from the ionising source can be obtained (for example,
see Mehdipour et al.| (2018)) for more details).
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6. Conclusions

In this work, we highlight the differences of excitation rates
among different plasma codes (MEKAL, APEC, Cloudy) and
other atomic databases (CHIANTI, ADAS). We show how the
updates, mainly of collisional excitation, impact the radiative
loss rates as well as the cooling rates in SPEX. Our main findings
are as follows:

— The comparison between MEKAL and the newest version of
SPEX (presented in this paper, version 3.06.01) shows that
the updates of collisional excitation affect the total radiative
loss curve mainly in the temperature range between 2x 1073
107! keV, where a significant decrease by 70% is found (Fig.
[6).

— We calculate the total cooling curve (Fig.[7)) considering the
most updated version of SPEX (version 3.06.01), which in-
cludes the updated contribution to the cooling by the colli-
sional excitation and dielectronic recombination. Addition-
ally, we describe an update of the collision strengths of neu-
tral hydrogen, which mainly affects the cooling for tempera-
tures around 2.5 eV. All considered updates result in a better
agreement of the SPEX cooling curve and the cooling curves
obtained by other plasma codes such as Cloudy and APEC
(Fig.[8).

— We implement the new cooling to the SPEX photoionisation
model pion and demonstrate the impact of the updates on
the stability curve of photoionised plasmas. By using the up-
dated cooling tables we find new stable branches on the sta-
bility curves (Fig.[TT) and associate them with an example
set of ions for which the ionic column densities peak on these
stability branches (Fig.[T2]and[T3).

With this work we show the importance of constant updates
of atomic databases and plasma codes in order to understand
more precisely the high-resolution spectroscopic data that will
be obtained by upcoming missions, such as XRISM and Athena.
These updates are also crucial for the calculation of the cooling
curve, which is an important ingredient for the cooling processes
in various astrophysical objects (in this paper we used AGN as
an example).

Dataset availability

The dataset generated and analysed during this study is available
in the ZENODO repository [Stofanova et al.[(2021).
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