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ABSTRACT

Here we present models of hot neutron star (NS) atmospheres consisting of thermonuclear ashes of various chemical compositions.
These models are essential for studying thermonuclear flashes in X-ray-bursting NSs in which nuclear-burning ashes are transported to
the stellar surface. We consider four different mixtures, each dominated by helium, chromium, iron, or nickel. In addition to the opacity
sources previously used in NS atmosphere modeling, we include photoionization from excited ionic states as well as approximately
5000 spectral lines. We also developed a method that enables the simultaneous treatment of Compton scattering and a large number of
spectral lines. A key feature of the modeled NS atmospheres is the presence of a layer in the transition region between the optically thin
and optically thick parts of the atmosphere where the radiation-pressure force increases significantly. This enhanced force sets an upper
limit on the maximum attainable bolometric flux for a given surface gravity and chemical composition. The emergent spectra from
the computed atmospheres display pronounced absorption edges, whose energies are determined by the dominant chemical species.
We fit the model spectra using a diluted blackbody modified by a single absorption edge, and we investigate how the fit parameters
depend on both the relative bolometric flux and the chemical composition of the atmosphere. Finally, we discuss constraints on
these models imposed by the properties of X-ray bursts that exhibit absorption edges in their spectra, as observed in the systems

HETE J1900.1-2455 and GRS 1747-312.
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1. Introduction

On the surfaces of many neutron stars (NSs) in low-mass X-
ray binaries (LMXBs), freshly accreted material undergoes ther-
monuclear flashes. These systems are known as X-ray bursters
(see reviews by Lewin et al. 1993; Galloway & Keek 2021). In
some cases, the bursts become so energetic that their luminosi-
ties reach the Eddington limit. Because of this property, X-ray
bursts provide valuable opportunities for determining NS masses
and radii (see, e.g., Ozel & Freire 2016; Suleimanov et al. 2016;
Degenaar & Suleimanov 2018).

The observed X-ray spectra of thermonuclear flashes are,
in almost all cases, well fitted by a blackbody (see, e.g.,
Galloway et al. 2008). In reality, however, the spectra deviate
from a true blackbody. In a hot NS atmosphere — an appropri-
ate model for the outer layers during an X-ray burst — the spec-
tral shape is primarily determined by Compton scattering. The
intense exchange of energy and momentum between electrons
and photons drives the radiation field toward thermodynamic
equilibrium and, to first approximation, yields a spectrum resem-
bling a diluted blackbody (London et al. 1986; Lapidus et al.
1986; Ebisuzaki 1987). Specifically, the emergent flux from a
NS atmosphere with effective temperature 7. can be approxi-
mated via the Planck function as

2 E?
. .
c?h? exp(E/kgfeTex) — 1

Fe=wrnBp(fTeg) =w (D

The spectral dilution factor w < 1 and the color correction f, > 1
depend on the surface gravity parameter log g, the relative lumi-
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nosity ¢ = F/Fgqq, and the chemical composition of the atmo-
sphere (Suleimanov et al. 2011b, 2012; Nittild et al. 2015). Here
Fgaqg = ¢g/0.2(1 + X) is the Eddington flux (i.e. the flux at which
radiation pressure for Thomson scattering opacity balances the
gravity), c is the speed of light, and X is the hydrogen mass frac-
tion. A direct consequence of w < 1 is that the NS radius inferred
from a simple blackbody fit Rgg underestimates the true stellar
radius R also known as a local circumferential NS radius (further
just the NS radius). For a uniformly emitting surface and negli-
gible contamination from other X-ray-emitting components, the
apparent radius R, is larger than the NS radius R due to the light
bending and it scales as

Rew =R(1+2) ~ w'/’Rgg, )
where 1+ 7z = (1 —2GM/c*R)™'/? is a correction for the gravita-
tional redshift. Here M is the NS gravitational mass.

During the cooling phase of X-ray bursts occurring in the per-
sistent hard spectral state — when no optically thick accretion disk
is present close to the NS and accretion occurs through a hot, opti-
cally thin accretion flow (for more details, see Suleimanov et al.
2011a,2016; Kajava et al. 2014) —the measured blackbody radius
Rpp evolves with decreasing luminosity in a manner consis-
tent with the predicted variation of the spectral dilution factor
w from hot NS atmosphere models (see, e.g., Suleimanov et al.
2016). This correspondence has enabled robust estimates of NS
radii, which have been found to lie in the range of 11-13km
for several LMXBs (Nittilid et al. 2016, 2017; Suleimanov et al.
2017a,b). Independent radius measurements derived from model-
ing the X-ray pulse profiles of millisecond pulsars observed with
the Neutron Star Interior Composition Explorer (NICER) have
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confirmed these values (Miller et al. 2019; Riley et al. 2019;
Miller et al. 2021; Riley et al. 2021).

Some X-ray bursts are so powerful and long-lasting that a
significant fraction of the NS envelope can be expelled by a
super-Eddington wind, exposing layers enriched with the prod-
ucts of thermonuclear burning (see, e.g., Weinberg et al. 2006;
in’t Zand & Weinberg 2010; Kajava et al. 2017; Li et al. 2018).
It is therefore interesting that NICER has detected several spec-
tral features during powerful photospheric radius expansion
(PRE) bursts from the ultracompact LMXB 4U 1820-30 that
may be associated with heavy elements produced in thermonu-
clear reactions (see Jaisawal et al. 2025, and references therein).
The absorption and emission features were detected during the
PRE phase when the photospheric radius reached 75-100km
for the adopted distance of 8.4kpc (Strohmayer et al. 2019).
NSs in LMXBs typically rotate rapidly, with spin frequencies
exceeding 200-300 Hz (see, e.g., Strohmayer & Bildsten 2006;
Watts 2012; Patruno et al. 2017; Di Salvo et al. 2024). Conse-
quently, when the photospheric radius is close to the stellar sur-
face, spectral features are expected to be strongly broadened by
Doppler effects. At much larger photospheric radii, however, the
rotational velocity should decrease due to angular momentum
conservation, making it possible for relatively narrow spectral
features to appear in the X-ray spectra.

Models of super-Eddington winds from X-ray-
bursters have been developed by many authors (see,
e.g., Paczynski & Proszynski 1986; Nobilietal. 1994;
Yu & Weinberg 2018; Herrera et al. 2020, 2023;

Guichandut et al. 2021). Our subsequent work will be based on
the results presented by Yu & Weinberg (2018), who computed
the chemical element abundances in the atmospheres of X-ray
bursters after the completion of the wind-driven erosion of the
upper atmospheric layers. More detailed calculations of ther-
monuclear reactions during X-ray bursts exist and extend to the
production of heavier elements (see, e.g., Woosley et al. 2004;
Fisker et al. 2008; José et al. 2010; Griem 1960; Herrera et al.
2023). However, most of these studies did not consider powerful
super-Eddington bursts, which are required to bring thermonu-
clear ashes to the surface. A second reason for adopting the
ash compositions from Yu & Weinberg (2018) is the lack of
reliable atomic data for elements heavier than nickel. Atmo-
spheres enriched with heavier elements should undoubtedly be
investigated in future studies.

It is clear that the emergent spectra of the model atmospheres
enriched with heavy elements are different from the model
spectra of atmospheres with solar H/He composition. The first
attempt to model atmospheres including fusion ashes was made
by Nittild et al. (2015). Model atmospheres with many times (up
to 40) increased heavy elements abundances in comparison with
solar abundances with keeping a solar H/He ratio were com-
puted. These models were supplemented by atmospheric mod-
els consisting of pure iron. Each model spectrum was fitted
by a diluted blackbody spectrum, and theoretical dependencies
F/Frqq — f. were presented for all computed spectral sequences.

A common feature of the obtained dependencies is a
decrease in f. with an increase in heavy element abundances.
Kajava et al. (2017) found that during the cooling phase of one of
the X-ray bursts of HETE J1900.1-2455, there was a jump in the
value of the blackbody radius Rpg. This jump can be explained
by the fact that matter with solar H/He ratio began to accrete
onto the surface of the NS enriched with heavy elements. The
second example is an unusually long burst of GRS 1747-312
with a super-Eddington wind phase (Li et al. 2018). It was only
possible to describe the spectral evolution of this burst during
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the cooling phase by assuming that the NS atmosphere consists
of pure iron.

Thus, we are confident that the surface of a NS after a pow-
erful and prolonged thermonuclear flash can be enriched with
combustion products, and such X-ray bursts are observed. This
potentially opens the way for the study of thermonuclear ashes
on the NS surface. The first step toward reaching this aim is the
modeling of the NS atmospheres with chemical compositions
predicted by model computations of X-ray flashes. We chose
four different compositions presented by Yu & Weinberg (2018).
We also computed such model atmospheres with an admixture
of plasma with solar He/H abundance plus reduced metal abun-
dances in various proportions.

In the following Sect. 2 we describe our method to construct
the model atmospheres. In Sect. 3 we present the properties and
spectral evolution of the models enriched by heavy elements.
The results are discussed in Sect. 4 together with constraints
on the models by two observed X-ray bursts. We conclude in
Sect. 5.

2. Method

Our approach to modeling atmospheres of hot NSs including
Compton scattering is described in Suleimanov et al. (2012). It
is based on solving the integro-differential equation of radiation
transport. The Compton effect is taken into account using a fully
relativistic angle-dependent redistribution function (see, e.g.,
Poutanen & Svensson 1996). The corresponding code was writ-
ten on the basis of Kurucz’s ATLAS code (Kurucz 1970, 1993).
It is based on a temperature-correction method that we modified
to account for the Compton effect. The calculations included the
15 most abundant chemical elements, H, He, C, N, O, Ne, Na,
Mg, Al, Si, S, Ar, Ca, Fe, and Ni. We assumed local thermody-
namic equilibrium (LTE) to calculate the ionization states and
number densities of excited ion levels. We note, however, that
in previously calculated model atmospheres (Suleimanov et al.
2012, 2017b) the contribution of heavy elements to the opacity
was considered in a simplified manner. In particular, only pho-
toionization from the ground states of the ions was taken into
account (see Verner et al. 1996; Ibragimov et al. 2003), and the
contribution of spectral lines was ignored. These same simplifi-
cations were used to calculate models of atmospheres enriched
with heavy elements (Nittild et al. 2015).

When computing the model atmospheres presented here, we
improved the calculation of the heavy element contributions to
the opacity. First of all, we add two elements that were not
taken into consideration before, namely, Cr and Ti. The most
detailed consideration is given to hydrogen-like and helium-like
ions of heavy elements, similar to what was done when mod-
eling NS carbon model atmospheres (Suleimanov et al. 2014).
Five excited levels of hydrogen-like ions and ten excited lev-
els of helium-like ions were taken into account. Cross sec-
tions of photoionization from these levels were calculated in
the approximation of a pure Coulomb potential (Karzas & Latter
1961). To calculate the partition functions of the ions, taking into
account pressure ionization using the occupation probability for-
malism (Hummer & Mihalas 1988), 96 levels of hydrogen-like
ions and 11 levels of helium-like ions are considered. Occupa-
tion probabilities are computed using the approach suggested
by Hubeny et al. (1994). For the remaining ions, the statistical
weight of the ground state was considered to be the partition
function.

The photoionization cross sections from excited levels
of other ions are represented in the form of analytical
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approximations obtained by fitting the numerical results pre-
sented by the Opacity Project (OP; Seaton et al. 1994), see
Suleimanov et al. (2024) for a detailed description. The excep-
tions are Cr and Ti ions with three or more electrons. For
these elements, there are no data on photoionization cross sec-
tions in the OP databases. Therefore, photoionization from the
excited levels was not accounted for these ions. Note that
the approximations used to describe the opacities of lithium-
like and other less charged ions do not significantly affect the
results, since, under the parameters of the model atmospheres
considered, almost all chemical elements are essentially fully
ionized.

Another important difference from previously published
models is the consideration of opacity in spectral lines. Data
on excitation energies of ion energy levels, wavelengths of tran-
sitions between levels, and transition oscillator strengths (gf
values or Einstein spontaneous-emission probabilities) for most
ions were taken from the CHIANTI database (Dere et al. 1997,
Del Zanna et al. 2021). For a number of spectral lines (in par-
ticular, for the lines of Cr and Ti ions), data were taken from
the NIST database'. Only spectral lines in the 0.1-12keV spec-
tral band, which contains the main radiation flux in the con-
sidered model atmospheres, were taken into account. Doppler
broadening, radiative damping, and Stark broadening were con-
sidered factors that broaden the spectral lines. For most lines,
the Stark broadening was calculated using the approximation
suggested by Cowley (1971). The Stark widths of hydrogen-
like ions were calculated using the approximation proposed
by Griem (1960, 1967). For this purpose, Kurucz’s modified
subroutine (Kurucz 1970) was used. Spectral lines were con-
sidered in the LTE approximation. This means that scattering
in the lines was not taken into account because the source
function in that case is given by the Planck function. The
total number of spectral lines taken into consideration is about
5000.

Usually, the opacity sampling method is employed to
account for the opacity of the spectral lines. In this approach,
we do not describe the accurate profile for every spectral line
in the emergent spectrum. This is not possible for a signif-
icant number of lines. Instead, we solve the radiation trans-
fer equation at a large number (~40000) of logarithmically
equally spaced frequency points. However, this approach can-
not be directly applied if it is necessary to also take Compton
scattering into account. The radiation transport equation includ-
ing the Compton effect is solved in 380 spectral bands. To
account for opacity in spectral lines, each spectral band in the
1-12keV range is divided into 50 intervals, where the true
absorption opacity (without electron scattering) is calculated.
Then, the obtained values are averaged within a given spectral
band j as
1 1 U AE

where AE; is the width of the spectral band, AE; the width of
the spectral interval (the sub-band), «; is the sub-band absorption

opacity, and «; is the resulting opacity in the given spectral band,
which is used in the solution of the radiation transfer equation.

3

3. Results

The input parameters of the model are the chemical composition
of the atmosphere, the surface gravity, and the effective temper-

I https://physics.nist.gov

Table 1. Mass fractions of chemical elements in the considered fusion
ashes.

Element ashl ash2 ash3 ash4
He 0.834 0.209 0.185 0.072
C 0.164 2.46 %1073 1.9x 1073 1.4 x 107
Si 1.41x 1073 0 1.23x 107 0

S 1x1073 3.66x 107*  1.23x10™ 0

Ar 0 6x 107 1.82x 107* 0

Ca 0 6.8 x 1072 0 3.5x 107
Ti 0 0.174 1.9%x107° 89x107°
Cr 0 0.440 0.01 0.111
Fe 0 0.106 0.1 0.627
Ni 0 1.x1073 0.7 0.190

ature T.g. We fix the surface gravity at the value logg = 14.3
in cgs units for all the computed models. Some models with
logg = 14.0 were also computed for comparison. We note that
a NS with commonly adopted parameters of mass M = 1.5 M,
and radius R = 12km has logg = 14.24. Increasing the mass
to 2 M and decreasing the radius to 10km yields logg ~ 14.6,
while a lower value of logg ~ 14.0 corresponds to M = 1.2 M
and R = 14 km. Thus, the expected range of surface gravity for
NSsis logg ~ 14.0-14.6 in cgs units.

Four chemical compositions are chosen for our inves-
tigations as presented in Table 1. They are taken from
Yu & Weinberg (2018) and represent the chemical compositions
for computations of X-ray bursts, ignited at three different col-
umn densities in the envelopes: 5 x 10% (yIn21), 1.5 x 10°
(y1n22), and 5 x 10° gecm™2 (y1n23), see their Fig. 3. The chem-
ical compositions ash1 and ash3 correspond to the values at
the wind base of the models yln21 and yln23. ash2 corre-
sponds to the chemical composition of the surface layers of the
developed wind for the y1n22 model (Fig. 9 in Yu & Weinberg
2018), while ash4 corresponds to the deepest layers of the same
model. Thus, we have chemical composition patterns dominated
by helium (ash1), chromium (ash2), nickel (ash3), and iron
(ash4). In addition, several models with pure iron composi-
tion were computed for comparison with previous results of
Nittila et al. (2015).

We also study models with an admixture of a plasma with
solar H/He composition and reduced metal abundances. In these
models, the mass fraction X, corresponds to one of three
chemical compositions of the chosen ash, and the mass fraction
1 — X,5n corresponds to the solar chemical composition with the
hundred times reduced heavy element abundances (A = 0.01).
The chemical composition of the atmosphere is assumed to be
homogeneous throughout its depth.

For each chemical composition, a sequence of models with
different relative luminosities £ = F/Fgqq = 0.01, 0.03, 0.05,
0.07, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8,
0.85, 0.9, 0.95, 0.98, 1.0, 1.02, 1.04, and 1.06 was calculated.
For some chemical compositions, models with high luminosi-
ties could not be computed because the radiation force g;,q in
some parts of the atmospheres became larger than the surface
gravity g. The effective temperatures are computed as osg T:ﬁ =
(F Edd» where

ke = 0.2[1 + (1 - X)) X]1em? g~ ! 4)

cg
Fgaga = —,
Ke
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Here osp is Stefan-Boltzmann constant, . is the electron scat-
tering Thomson opacity, and X = 0.7374 is the solar hydrogen
mass fraction.

Radiation transfer is solved in a wide spectral interval, from
Enin = (kgTer/200) keV to Enax = 50 kgTeq keV. Every model
atmosphere has 98 depth points logarithmically evenly spaced
from depth m ~ 3 x 1077 to =3 x 10*gcm™2. The depth of
the bottom point is sufficiently large to satisfy the lower bound-
ary condition used for the radiation transfer equation with the
mean intensity approaching the Planck value, Jg(bottom) =
Bg(Tvottom), see details in Suleimanov et al. (2012). Spectral
energy distributions of the escaping radiation for all models
can be found in Zenodo (https://zenodo.org/records/
20035991).

3.1. Physical properties of atmospheres enriched by heavy
elements

Let us first consider the properties of models with a fidu-
cial chemical composition ash2. Under conditions of prevail-
ing absorption opacity, Compton scattering is not very signifi-
cant. Thus, we can verify our assumption about the averaging
of the absorption opacity (see Eq. (3)). For that we compute a
few model atmospheres with and without consideration of the
Compton recoil. The spectra of the model with £ = 0.1 and 0.5
are shown in Fig. 1. The model spectra computed with Compton
scattering (red curves) correspond well to the general appearance
of the model spectra calculated in the coherent electron (Thom-
son) scattering approximation (blue curves). In our approach,
it is impossible to reproduce the full richness of the spectrum
with spectral lines when accounting for Compton scattering, but
it does not introduce errors into the overall energy distribution
in the spectrum. We also tried direct averaging of the absorp-
tion opacity within the spectral bin with the same division into
50 sub-bins. However, in this case, the significance of opacity in
spectral lines was greatly overestimated, and the overall appear-
ance of the spectrum was severely distorted.

The temperature structures of models with the chemical
composition ash2 are generally similar to the temperature struc-
tures of models with solar chemical composition (see top panel
of Fig. 2). The upper layers of the atmospheres demonstrate a
chromosphere-like temperature increase due to the heating of
electrons by the hard radiation from the inner atmospheric lay-
ers. However, the temperature distribution does not become flat
at £ ~ 1, as in solar chemical composition models, and a well-
defined temperature minimum is retained even in models with
luminosities close to the Eddington limit. This is due to the sig-
nificantly greater efficiency of thermal cooling of the atmosphere
in the transition region between the inner optically thick layers of
the atmosphere and its outer optically thin layers. This increased
cooling efficiency is associated with increased absorption opac-
ity caused by photoionization and line transitions of heavy ele-
ment ions.

The increase in opacity in these atmospheric layers also leads
to a significant increase in the radiation pressure force in them
(see lower panel of Fig. 2). Such a local increase in radiation
pressure leads to the appearance of a “levitating” transition layer
in the NS atmospheres consisting of the products of thermonu-
clear combustion. In fact, the radiation pressure in this layer
determines the value of the highest achievable bolometric flux
of the atmosphere for a given chemical composition and surface

2 Solar abundances of all chemical elements are taken from
Asplund et al. (2009).
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Fig. 1. Spectra of emergent radiation (so-called Eddington flux, Hr =
F/4m) from NS model atmospheres with an ash2 chemical composi-
tion. The upper panel corresponds to £ = 0.5 and the lower panel to
¢ = 0.1. The red and blue curves correspond to the models that include
and omit Compton scattering, respectively. The photoionization edges
of various chemical elements are marked.
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Fig. 2. NS atmosphere structure for various relative luminosities ¢ (mix
ash2, logg = 14.3). The distribution of the temperature with depth m
is shown in the top panel, while the relative radiation pressure force
is given in the bottom panel. The corresponding distributions for two
models calculated in the Thomson scattering approximation are shown
by dashed lines. The dotted lines show g..q/g computed for the same
two models using the solution of the radiative transfer equation in all
the sub-bands (without the Compton effect).

gravity (see the upper line corresponding to £ = 1.06 in the bot-
tom panel of Fig. 2).

We also verified the correctness of the opacity averaging pro-
cedure (see Eq. (3)). In Fig. 2 (lower panel), the dashed curves
show the distribution of g,q/g for two models with £ = 0.1 and
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Fig. 3. Distributions of the relative ion densities with a depth for model
atmospheres of chemical composition ash2, ¢ = 0.1, logg = 14.3.
The top, middle, and bottom panel correspond to iron, chromium, and
titanium, respectively.

0.5, calculated in the coherent scattering approximation. Differ-
ences from solid curves at depths less than 1 gcm™2 are associ-
ated with differences in the temperature structure, and at greater
depths with the fact that coherent scattering does not take into
account the relativistic (Klein-Nishina) decrease in the scatter-
ing cross-section (see Paczynski 1983; Suleimanov et al. 2012;
Poutanen 2017). For each model, along with calculating the
absorption opacity at each frequency point in spectral sub-bands,
the radiation transfer equation was solved without the Compton
effect taken into consideration. As a result, on the basis of these
computations, the distributions of the relative radiative pressure
force gr.4/g was calculated and shown at the bottom panel of
Fig. 2 by dotted curves which almost completely coincide with
the solid curves. This means that the assumption used for aver-
aging the absorption opacity (see Eq. (3)) does not affect the
radiation pressure force.

This increase in opacity and the corresponding hump in the
distribution of the relative radiation pressure force gp,q/g are
associated with the fact that in this transition layer of the atmo-
sphere, the maximum relative number densities of hydrogen and
helium-like ions of the most abundant heavy elements, iron,
chromium, and titanium, are achieved (see Fig. 3).

The dependence of the ionization degree on the plasma den-
sity plays an important role in such number-density behavior. In
the surface rarefied layers, heavy elements are almost completely
ionized. In the deeper layers, the relative number densities of
hydrogen and helium-like ions increase due to the increase in
plasma density and reaches a maximum at depths 0.1-1 gcm™2.
In even deeper layers, the relative number densities of these ions
drop and stabilize due to pressure ionization.

Let us examine the cause of the levitating layer in more
detail. Generally speaking, the force of radiation pressure is pro-
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100

Fig. 4. Variation of the spectral distribution of the radiation pressure
acceleration Eg,,q(E) given by Eq. (6) (top panel) and the net flux EFg
(bottom panel) with atmospheric depth. The chemical composition and
other parameters of the model atmosphere are shown in the top panel.

portional to the product of the flux and the opacity. Therefore,
at depths of 0.1-10 gcm™2, the condition must be satisfied that
the maximum in the spectral flux distribution coincides with the
maximum opacity. And maximum opacity, naturally, is achieved
at energies near the absorption edges of the most abundant chem-
ical elements.

We have illustrated the above reasoning with Fig. 4. It
demonstrates how the spectral energy distribution of the flux Fpg
changes with depth in the atmosphere (bottom panel). This dis-
tribution at large depth is close to the blackbody derivative with
respect to the local temperature of the atmosphere at that depth,

N 47 dBg dT
" 0(E)+«k(E) dT dm

Here o(E) is angle-averaged electron scattering opacity account-
ing for the Compton effect and «(E) is the “true” absorption
opacity (corresponding to free-free and bound-free transitions).
Accordingly, the distribution maximum shifts from high photon
energies at larger depths toward lower energies at the surface
layers. The influence of absorption edges on the spectral energy
distribution becomes more noticeable closer to the surface. We
note that at energies near the absorption edges of the most abun-
dant chemical elements (Cr, Fe, Ti), around 10 keV, the flux is
low at large depths, reaches a maximum at m ~ 10 gcm™2, and
then at lower depths falls again to the values corresponding to
the emergent flux.

The spectral energy distribution of the flux should be com-
pared to the energy distribution of acceleration caused by the
radiation pressure (shown in the top panel of Fig. 4) which can
be defined as

Fg &)

2 +1
Jrad(E) = ?ﬂfl [o(E, ) + k(E)IU(E, ) = S(E, i) pdu,  (6)

where p is the cosine of the angle between the surface normal
and the direction of radiation propagation, I(E, ) and S (E, u)
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body spectra for a few models of the same effective temperature are
shown with the dashed curves.
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Fig. 6. Emergent spectra of the models composed of a plasma with a
ash2 composition (with mass fraction X,,) mixed with solar abundance
plasma (A = 0.01, of 1 — X,, mass fraction). The effective temperature
is fixed and corresponds to ¢ = 0.1 for X,y = 1.

are the specific intensity and the source function, respectively
(see Sect. 2.1 of Suleimanov et al. 2012 for detailed descrip-
tion). In general, the behavior of Eg.,q4(E) with depth corre-
sponds to the behavior of the flux EFg. However, due to the
influence of opacity, the integral of g.,q(E) over energy is not
constant with the depth. At large depths, it is relatively small
due to the decrease in the electron scattering cross section at
high energies (Klein-Nishina effect), and the true opacity is neg-
ligible. As the depth decreases and the flux maximum shifts
toward lower energies, the contribution of the opacity caused
by photoionization from the ground level of hydrogen-like
ions increases. This contribution reaches maximum at depths
1-10 g cm~2, where the maximum in the flux spectral energy dis-
tribution approaches dominating photoionization edges and the
relative ionization degree becomes minimal. Close to the sur-
face (m < 1073-10~* gcm™2), the contribution of true opacity
again becomes negligible due to the decrease in plasma density.
In these outer atmospheric layers the spectral distribution of the
radiative acceleration coincides with the spectral distribution of
the flux, since there the electron scattering opacity is practically
independent of the photon energy.

The spectra of model atmospheres, whose temperature struc-
tures are shown in Fig. 2, are shown in Fig. 5 (except for the
model ¢ = 1.06). The spectra of models with low relative bolo-
metric flux, up to £ = 0.5, are determined by the photoionization
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Fig. 7. Temperature structures (top panel) and g,.q/g distributions (bot-
tom panel) for the models with mixed chemical compositions (see
Fig. 6).

edges from the ground states of hydrogen- and helium-like ions
and absorption lines of these ions. In fact, the Compton effect
can be disregarded when modeling atmospheres with this chem-
ical composition and low relative luminosities (see also Fig. 1).
It should be noted that the absorption edges are also significant in
the spectra of models with higher relative bolometric flux, disap-
pearing almost completely only when approaching the Edding-
ton bolometric flux. Compared to the blackbody, the model spec-
tra with the same effective temperature exhibit an increased radi-
ation flux at energies below the main absorption edge, and sig-
nificantly lower at energies above it.

As expected, the influence of absorption due to photoioniza-
tion of heavy element ions and their spectral lines decreases with
the decrease of the mass fraction of thermonuclear ashes (Xg)
in the composition of the atmospheric plasma (see Fig. 6). Here
we consider the mix of ash2 composition with the plasma of
solar chemical composition with a hundred times reduced heavy
element abundances (A = 0.01). All the models have the same
effective temperature corresponding to £ = 0.1 for X,q, = 1. For
other models the relative bolometric flux increases up to £ = 0.17
at X,qn = 0 according to Eq. (4). The temperature structures and
distributions of the relative radiation force g.,q/g for these mod-
els are shown in Fig. 7. It is evident that the significance of the
levitating transition layer decreases with a decrease in the mass
fraction of the ashes (see bottom panel of Fig. 7).

The appearance of model spectra for atmospheres consisting
of thermonuclear combustion products is completely determined
by the composition of the ashes, especially at low relative lumi-
nosities (see Fig. 8). The most significant absorption edge in the
spectra shifts toward higher energies during the transition from
composition ash2 to composition ash4, and further to compo-
sition ash3, since chromium dominates in the first composition,
iron in the second composition, and nickel is the most abundant
element in the third one (see Table 1). This property of spectra
can be traced up to the models with the highest relative bolo-
metric flux. In composition ash1, helium is the most abundant
element, and as a result the emergent spectra of models with
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Fig. 8. Emergent spectra of models consisting of various mixtures of
thermonuclear combustion products (ash1, ash2, ash3, and ash4; see
Table 1), and various relative bolometric fluxes, £ = 0.75 (top panel),
0.5 (middle panel), and 0.1 (bottom panel). The emergent spectra for
pure helium models are shown with dashed blue curves.
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Fig. 9. Temperature structures (top panel) and g,,q/g distributions (bot-
tom panel) for the models with log g = 14.3, F/Fggq = 0.5, and different
chemical compositions.

this chemical composition are practically indistinguishable from
the spectra of pure helium model atmospheres (compare solid
magenta and dashed blue curves in Fig. 8).

The chemical composition of the atmosphere affects its tem-
perature structure and the significance of radiation pressure (see
Fig. 9). The temperature structure and distribution of the rela-

tive radiation pressure force gr,q/g across the atmosphere, calcu-
lated for an atmosphere consisting of pure iron, are also shown.
They are virtually identical to the results for ash4. The signif-
icance of the levitating layer increases with the transition from
composition ash2 to ash3 and to ash4 (see an example in the
bottom panel of Fig. 9). In high bolometric flux models calcu-
lated with compositions ash3 and ash4 (and pure iron), this
layer determines the highest possible bolometric flux. The force
of radiation pressure exceeds the force of gravity already at rel-
ative luminosities of 0.77-0.78. Therefore, models £ = 0.75 are
the models with the highest bolometric flux calculated for these
chemical compositions.

Here we did not consider atmospheres with chemical com-
positions dominated by elements heavier than nickel. However,
we expect that their properties should generally not differ signifi-
cantly from iron- or nickel-dominated models. It is clear from the
comparison of the spectra of iron- and nickel-dominated models
(see Fig. 8) that for zinc-dominated model atmospheres the main
absorption edge will shift to 12.4keV (the ionization energy of
hydrogen-like zinc), but otherwise the spectra will be rather sim-
ilar.

3.2. Spectral evolution of the models enriched by heavy
elements

The dependence of emergent spectra of model atmospheres of
hot NSs on the relative flux is important for the study of X-
ray bursts in LMXBs. Of particular interest is the degree to
which the model spectrum deviates from the blackbody of a
temperature equal to the effective temperature of the model. If
we fit the model spectra by the spectra of a diluted blackbody
w7 Bg(f. Ter), then these deviations can be conveniently charac-
terized by the fit parameters, the spectral dilution factor w and
the color correction factor f.. If a thermonuclear burst occurs
during a hard spectral persistent state of the source, then the
best fit blackbody normalization K = (Rpg/d)* at the bright-
ness decline stage changes with decreasing flux in exactly the
same way as the dilution factor w behaves with decreasing rela-
tive flux F/Fgqq. This fact allows us to obtain an estimate of the
NS radius (see, e.g., Suleimanov et al. 2017b).

The presence of noticeable absorption edges in the model
spectra makes their fitting by diluted blackbodies inaccu-
rate. We had previously ignored this (Suleimanov et al. 2012;
Nittild et al. 2015), but in this paper the spectra of model atmo-
spheres enriched in fusion products have such significant absorp-
tion edges that we decided to use a more complex fitting func-
tion. This is a five-parameter analytical function, based on the
diluted blackbody spectrum with one absorption edge

F,ﬁ;={

where Ey, is the threshold energy of the most important absorp-
tion edge in the spectrum, Ty, is the optical depth at the threshold,
and p is the absorption exponent.

In fact, this function is a combination of the diluted black-
body and the XSPEC (Arnaud 1996) function edge®. The dif-
ference is that the absorption exponent is a free parameter that
allows one to better describe the shape of the spectrum at photon
energies exceeding the energy of the absorption threshold, and it
is not fixed at p = 3 as in the original function edge.

wraBg(feTef),
waBe(fTer) exp(—tm [E/En]™P),

lf E S Eth’

ifE>E, D

3 https://heasarc.gsfc.nasa.gov/docs/software/xspec/
manual /node252.html
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Fig. 10. Best fits of model spectra by the blackbody with the edge. The
relative fluxes are / = 0.3, 0.5, 0.75, and 0.9. The top, middle, and bot-
tom panels correspond to ash2, ash3, and ash4 chemical compositions
half mixed with solar-abundance plasma of A = 0.01, respectively. The
model spectra are the blue histograms, while the best fits are shown with
red curves.

As in the previous works (see, e.g., Suleimanov et al. 2011b),
the fitting was carried out in the sensitivity band of the
PCA/RXTE detector, 3-20keV, shifted to the blue part of the
spectrum in order to account for the assumed gravitational red-
shift on the NS surface. The redshift was calculated depending
on the adopted value of gravity and a fixed mass of the NS,
M =14 M.

Examples of fitting spectra of model atmospheres with dif-
ferent chemical compositions and different relative fluxes are
shown in Fig. 10. The main absorption edge in the spectra of high
relative bolometric flux is determined by the chemical composi-
tion of the atmosphere, i.e. these are absorption edges from the
ground level of hydrogen-like ions of nickel (ash3, X,s» = 0.5),
iron (ash4, X,s, = 0.5), or chromium (ash2, X,q, = 0.5). The
dependencies of the fitting parameters on the relative flux for
the spectra of model atmospheres with the chemical composi-
tion presented above are shown in Figs. 11 and 12. Interest-
ingly, the basic fitting parameters w and f; nearly coincide for all
three chemical compositions if the relative flux exceeds 0.5 (see
Fig. 11). However, at lower relative fluxes, the fitting parame-
ters for chromium-dominated atmospheres begin to differ signif-
icantly from those for iron- and nickel-dominated atmospheres.
For spectra of atmospheres with these two chemical composi-
tions, the fitting parameters remain similar at all relative fluxes.

We note that with decreasing relative flux and shifting of
the spectrum maximum toward lower energies, the photoion-
ization edges from the ground levels of ions with lower ioniza-
tion potentials become successively dominating (see upper panel

A169, page 8 of 16

|\ T T T T T
161 | T X, =05 -

o —e—ag as

::\ —e—ash4

.2

8 14t

=

Q

3]

[

o

o 12}

@]

= 0.8 _

I

Q o.

S | _’:;.>

= oal r‘k \\ ]

= | e ad ]

= | " ]

a Y/j ]
0.0 C1 L 1 L 1 L 1 L 1 L [

0.0 0.2 0.4 0.6 0.8 1.0
F/F

Edd

Fig. 11. Dependence of the fit parameters on the relative flux for models
with the same chemical composition as in Fig. 10. The color correction
factor f, is in the top panel and the dilution factor w is in the bottom
panel.

of Fig. 12). The optical depth near the edge 7y, increases with
decreasing relative flux, as long as the main edge remains the
same (see middle panel of Fig. 12). When the absorption edge
in the fit changes, the optical thickness again becomes relatively
small and increases with a decrease in the relative flux until the
next change in the main edge in the fit.

The absorption exponent p varies over a very wide range (see
bottom panel of Fig. 12). At high relative fluxes, it is mostly pos-
itive and fluctuates around zero. However, at low relative fluxes,
when the spectra become very complex with several absorption
edges with a general significant drop in flux toward high ener-
gies, the absorption component becomes negative and fluctu-
ates around p ~ —6. Such a large absolute value of p and its
great variability arise as a result of attempts to describe complex
model spectra (see, e.g., the two bottom panels of Fig. 10, the
spectra corresponding to [ = 0.3).

Clearly, the shape of the model spectra, and therefore the
spectral fitting parameters, depend on the proportion of ther-
monuclear ashes in the atmosphere. An example of how the
parameters change depending on the ash contribution to the
chemical composition of the atmosphere and the relative flux
is shown in Fig. 13. The chemical composition ash4 was cho-
sen and calculations were performed for two values of gravity,
logg = 14.3 and 14.0. The color correction f. decreases with
increasing proportion of the ashes in the chemical composition
of the atmosphere from 1.6 at X,y = 0 to 1.3 at X, = 0.5 for the
fixed relative flux [ = 0.9 (see top panel of Fig. 13). Accordingly,
the dilution factor w increases with the increase in the proportion
of ashes from 0.15 at X,q, = 0 to 0.35 at X, = 0.5 for the same
fixed relative flux (see middle panel of Fig. 13).

Note that the differences for f; and w for models with differ-
ent gravities are small at large relative fluxes (/ > 0.5). However,
the difference is noticeable in the optical depth at the iron edge
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Fig. 12. The dependence of the absorption edge fit parameters on the rel-
ative flux for models with the same chemical composition as in Fig. 10.
The dependence of the threshold energy Ey, (top panel), the optical
depth at the threshold 7y, (middle panel), and the absorption exponent
p (bottom panel) are shown. The dashed lines in the top panel show
the threshold energies for hydrogen-like ions of the main chemical ele-
ments. The optical thickness of the various absorption edges are shown
by the different symbols in the middle panel.

(see bottom panel of Fig. 13). The optical depth is higher for low
gravity at the same relative flux. The reason is the lower effec-
tive temperature of the reduced gravity models at a fixed relative
flux (see Eq. (4)). Naturally, the iron ionization degree decreases
and the photoionization absorption edge becomes more signifi-
cant. Of course, the optical depth also depends on the abundance
of ashes in the atmosphere. The lower the ash fraction, the lower
the relative fluxes at which the absorption edge appears. Also the
optical depth is smaller for lower ash fraction at a fixed /.

Hydrostatic model atmospheres consisting only of iron-
(ash4) or nickel-dominated (ash3) ashes exist only up to the rel-
ative flux on the order of 0.65-0.75. At higher luminosities, the
radiation pressure force in the levitating layer becomes greater
than gravity, gr.a > ¢, and the models become unstable. More-
over, spectra for model atmospheres composed solely of ashes
are strongly distorted by absorption edges and spectral lines, so
fitting them with the simple function (Eq. (7)) does not always
yield satisfactory results.

The spectra of model atmospheres consisting of helium-
dominated ash material (ash1) do not contain any noticeable
absorption edges and can be fitted with a diluted blackbody. The
results of such fitting are presented in Fig. 14. It is evident that
the contribution of heavy elements leads to differences from the
model spectra for pure helium.
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Fig. 13. Dependence of the fit parameters on the relative flux for mod-
els with chemical composition ash4 and various values of X,q,. The fit
parameters obtained for logg = 14.3 (solid curves) and logg = 14.0
(dashed curves) are shown. For comparison, the fit parameters for mod-
els with X,q, = 0 are also shown with black curves in the two upper
panels. Only the optical depth at the iron edge is shown (bottom panel).

In previous work on NS atmospheres enriched in heavy
elements (Nattild et al. 2015), pure iron atmospheres were
considered. A comparison of such atmospheres with the iron-
dominated atmospheres presented here (ash4) is presented in
Appendix A. The dependencies of the fitting parameters on the
relative flux for all considered chemical compositions are pre-
sented in the tables and figures of Appendix B.

4. Discussion

4.1. Hydrostatic equilibrium and the role of radiation
pressure acceleration

In this paper, we examine the properties of hot NS model atmo-
spheres composed of chemical elements representative of ther-
monuclear ashes. Four distinct mixtures are analyzed, each dom-
inated by helium, chromium, iron, or nickel. For each compo-
sition, we account for all opacity sources produced by ions of
all elements present. They comprise photoionization transitions
originating not only from ground levels but also from excited
levels of the ions In addition, about 5000 bound-bound transi-
tions between ion levels (spectral lines) were included. These
are the first calculations of NS model atmospheres taking into
account such a large number of spectral lines. Since models
close to the Eddington limit were considered, Compton scatter-
ing of photons on electrons was also taken into account. A spe-
cial opacity-averaging method was developed to simultaneously
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Fig. 14. The dependence of the fit parameters on the relative bolometric
flux for various chemical compositions. The blue, red, and black curves
correspond to models ash1, pure helium, and a solar H/He mix with
sub-solar heavy element abundances (A = 0.01), respectively.

account for the Compton effect and the contribution of spectral
lines to opacity.

An intriguing structural feature appears in the calculated
model atmospheres — namely, a layer where the ratio of the radi-
ation pressure force to gravity, gr.q/g, becomes markedly ele-
vated. This region resides at column densities of a few grams per
square centimeter, in the transition zone between the optically
thick and optically thin layers. This region exhibits a local min-
imum in the ionization degree of the heavy elements composing
the atmosphere. Consequently, the relative number densities of
helium-like and hydrogen-like ions of these elements reach their
maximum there.

Because the radiation pressure force is at its maximum in the
transition layer, the hydrostatic stability of these model atmo-
spheres is controlled by this levitating layer of elevated radia-
tive acceleration. Models for which the ratio g.,q/g in this region
surpasses unity are inherently unstable. As a result, models com-
posed of mixtures dominated by iron or nickel become unstable
already at relative fluxes F/Fgqq ~ 0.75. Chromium-dominated
models remain stable up to much higher fluxes, but in all cases,
the origin of the instability is the levitating layer. In helium-
dominated models, no levitating layer forms.

4.2. Emergent spectra

At atmospheric temperatures typical of X-ray bursters during
flashes, heavy elements near the iron peak are not fully ion-
ized. As a result, the dominant features in the emergent spectra
of models of such atmospheres are absorption edges at energies
of 5-10keV, depending on the effective temperature and chemi-
cal composition. Therefore, the emergent spectra of atmospheres
composed of heavy elements cannot be accurately fitted with a
simple diluted blackbody and require the inclusion of an absorp-
tion edge. However, the standard XSPEC edge procedure is not
suitable, as it assumes that absorption above the photoionization
threshold Ey, arises from an optically thin layer, with the absorp-
tion coefficient decreasing with energy as (E /Eq)~3. However,
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in our case, this exponent should not describe the energy depen-
dence of the absorption coefficient, but rather the shape of the
emergent spectrum above the absorption edge. Therefore, we
treated the absorption exponent as an additional free parameter
in the fit.

We fitted all calculated model-atmosphere spectra using a
combination of a diluted blackbody and a modified edge proce-
dure. It should be noted that we calculated not only models with
chemical compositions corresponding to thermonuclear ashes,
but also mixtures with plasma of solar composition, in which the
abundances of heavy elements are reduced by a factor of 100
(A = 0.01), with the ashes contributing relative mass fractions
Xash of 0.5, 0.1, and 0.01.

Overall, the results are similar to those reported by
Nittild et al. (2015) for atmosphere models with initially solar
composition, but with enhanced heavy-element abundances.
Specifically, increasing the mass fraction of ashes leads to a
lower color-correction factor f. and a higher dilution factor
w. The F/Fgga—f. and F/Fgq—w dependencies obtained for
pure ash mixtures dominated by iron and nickel differ qualita-
tively from those of other chemical compositions. In addition to
the instability of models with relative fluxes above 0.75, these
dependencies are nearly flat for relative fluxes above 0.4-0.5. It
should also be noted that the resulting parameters differ depend-
ing on the fitting method used—whether using only a diluted
blackbody or including an absorption edge. In the latter case, the
color-correction factor is larger and the dilution factor smaller
than when fitting with a diluted blackbody alone. This should be
kept in mind when comparing the calculated fitting parameters
with observed X-ray burster spectra, which are often approxi-
mated by a blackbody without accounting for absorption edges.

Absorption edges in the spectra become noticeable when the
relative flux falls below a certain threshold. The smaller the ash
mass fraction, the lower the relative flux at which these edges
become significant. Since the fitting function includes only a
single edge, its effect shifts sequentially from the most highly
charged hydrogen-like ions to the less charged ions as the rela-
tive flux decreases. The optical depth of the edge near the ion-
ization threshold, 7y, increases as the relative flux decreases, as
long as it corresponds to the same ionization threshold. However,
it decreases when the fitted edge shifts to a different photoion-
ization threshold. As a result, 7y, never exceeds unity in the cal-
culated models. This is because, in addition to the dominant ele-
ment, thermonuclear ashes contain substantial amounts of other
heavy elements. To achieve a fitted 7y, significantly greater than
one, the atmosphere must be chemically pure, composed of only
a single heavy element (see Appendix A).

4.3. Comparison with observations

Let us now compare our modeling results with previously pub-
lished observations of relatively long X-ray bursts that show
clear evidence for the presence of thermonuclear ashes in NS
atmospheres. The first example is an X-ray burst in the sys-
tem HETE J1900.1-2455, which occurred on 2005 July 21 and
was observed by RXTE (Kajava et al. 2017). By fitting the burst
spectra with a blackbody, a dependence of Fgg on K~!/4 was
obtained for the cooling phase, which corresponds to the theo-
retical F/Fgqq—f. relation. Here, K is the normalization and Fgp
is the bolometric flux derived from the fit. The resulting depen-
dence is non-monotonic. When the flux decreases by roughly
a factor of two, K~'/* increases abruptly by about 20% (see
Fig. 4 in the cited paper). At F/Fgqq = 0.5, the color-correction
factor f. for atmospheres composed of thermonuclear ashes is
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lower by roughly the same amount compared to models with
solar composition (see, e.g., Fig. 13). Therefore, we concluded
in Kajava et al. (2017) that at this point the atmospheric compo-
sition changed from being dominated by thermonuclear ashes to
reflecting the composition of the accreted matter due to the onset
of accretion.

Two features of this burst are noteworthy. First, the slope of
the curve at high luminosities, when the atmosphere was ash-
dominated, is steeper than in the theoretical models, both those
previously calculated by Nattild et al. (2015) and the ones pre-
sented here. This was interpreted as a gradual increase in the
thermonuclear ash fraction in the atmosphere, reaching a max-
imum just before the onset of accretion. This change in chem-
ical composition can occur for two reasons. Either the NS sur-
face loses material through a wind, exposing deeper layers richer
in thermonuclear reaction products, or convection in the atmo-
sphere brings thermonuclear ashes to the surface. The most
likely mechanism for mass loss is a line-driven wind gener-
ated by radiation pressure in spectral lines (see, e.g., Puls et al.
2008). However, in the models presented here, line-driven radia-
tive pressure is negligible and insufficient to launch a wind. This
is because the hydrogen- and helium-like ions dominating these
models do not possess a sufficient number of bound-bound tran-
sitions near the peak of the emergent spectral energy distribution.
However, the situation could change if the ashes contain ele-
ments heavier than nickel, such as zinc, germanium, selenium,
or krypton. These heavier elements may be less ionized and pos-
sess three to five bound electrons. Such ions generate a large
number of spectral lines (cf. hot white dwarf atmospheres; see,
e.g., Suleimanov et al. 2024), which could potentially drive the
formation of a line-driven wind.

Regarding the second possibility — dredge-up of heavy ele-
ments to the surface by convection — the chemically homoge-
neous atmosphere models presented here are formally stable
according to the Schwarzschild criterion. Specifically, the loga-
rithmic pressure gradient with respect to temperature is every-
where smaller than the adiabatic gradient for a radiation-
pressure-dominated plasma, dlog P/dlogT < 0.25. The partial
ionization of heavy elements in the models may reduce the adi-
abatic gradient, although this effect has not been investigated.
However, the fraction of incompletely ionized atoms does not
exceed 10% even in models with low relative flux, and only
within the levitating layer. Thus, if a relatively thin convective
layer forms there, it is unlikely to have any significant global
effect on the atmosphere’s properties.

The second notable feature of the burst is the appearance of
a clear absorption edge in the spectrum just before the onset of
accretion, when the abundance of heavy elements in the atmo-
sphere was presumably at its maximum. The edge was observed
at an energy of approximately 7.6 keV and had a relatively small
optical depth near the threshold, 74, ~ 0.6. This value suggests
that the ash in the atmosphere was not chemically pure, but rather
a mixture corresponding to either ash4 (if the observed jump is
due to the iron ionization threshold) or ash3 (if it corresponds to
the nickel ionization threshold) considered in our models.

The second burst of interest occurred on 2002 April 30 in the
system GRS 1747-312 and was also observed by RXTE (Li et al.
2018). Its properties differ from those of the previously dis-
cussed burst: there is no indication of accretion onset, and the
observed Fpg—K curve is best reproduced by pure-iron mod-
els calculated by Nittild et al. (2015). However, our calculations
indicate that atmospheres composed of pure iron, or dominated
solely by iron or nickel, cannot exist near the Eddington limit.
This suggests that the NS atmosphere during this burst was most
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likely not composed of pure ash, but contained a significant
admixture of solar-composition plasma, with X, =~ 0.5-0.8.
The absorption edge in the spectra of this burst appears at lumi-
nosities below roughly half of the maximum and is observed at
a slightly higher energy than in the previously discussed burst,
around 8 keV. However, the optical depth at the threshold is sig-
nificantly higher, 74, & 2-3 or even larger. This suggests that
the thermonuclear ash in the NS atmosphere during this burst
was nearly chemically homogeneous, with one heavy element
globally dominant. This conclusion follows from the fact that 7y,
cannot exceed unity if the atmosphere contains multiple heavy
elements (see Fig. A.2).

Li et al. (2018) performed spectral fits of the burst using both
a blackbody and a blackbody with an absorption edge (see their
Fig. 2). The results indicate that the fit including the edge yields
a lower normalization K and a higher temperature compared to
a blackbody fit without the edge. These findings are in complete
agreement with the fitting results for our model spectra, both in
terms of the color-correction factors f, and the dilution factors w
(see Figs. A.4 and B.1-B.3).

5. Conclusions

In the work presented here, we investigated the properties of the
hot NS atmospheres enriched in products of thermonuclear reac-
tions (thermonuclear ashes). To this end, we developed a method
for calculating model atmospheres taking into account both a
large number of spectral lines and the Compton effect. Specifi-
cally, a procedure for averaging the rapidly changing line opac-
ity over wide spectral bins was proposed, and used to solve the
radiative transfer equation accounting for Compton scattering.

A total of four possible mixtures were considered to describe
the thermonuclear ashes. They can be characterized by the dom-
inant element in their composition, namely, helium, chromium,
iron, or nickel, although significant amounts of other chemical
elements are also present in each mixture. Almost all models
were calculated at fixed gravity (logg = 14.3) and for a wide
range of relative bolometric fluxes / from 0.01 and up to the
highest possible flux for a given chemical composition and log g.
For most of the mixtures considered, the maximum escaping
flux exceeds Fgqq, although for mixtures dominated by iron and
nickel, the limiting flux is close to 0.75Fgqq.

Unlike models of atmospheres dominated by light elements,
where the limiting bolometric flux is determined by photon scat-
tering on electrons in the upper layers of the atmosphere, this
is not the case in the models considered. In models of hot NS
atmospheres dominated by heavy elements, there exists a levitat-
ing layer with an increased ratio of the radiation pressure force
to the force of gravity, gr.q/g. It is located in the transition zone
between the optically thick and optically thin layers of the atmo-
sphere, and the g;aq/g ratio hill owes its existence to the radiation
pressure in the photoionizing continua of heavy element ions. It
is the excess of grq over ¢ in that layer which determines the
value of the maximum bolometric flux in the sequence of mod-
els of a given chemical composition.

In mixtures dominated by chromium or heavier elements,
the absorption edges are noticeable in the model spectra. There-
fore, we fitted them with a diluted blackbody with an additional
absorption edge. Typically, model spectra have several absorp-
tion jumps, so the lowest-energy edge was chosen as the primary
absorption threshold. The model spectrum at energies above this
absorption edge was fitted by varying an additional parameter in
the edge description, the absorption exponent.
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We investigated how the fitting parameters — the color cor-
rection f;, the dilution factor w, and the absorption edge optical
depth at the threshold 74 — depend on the relative bolometric
flux of the atmosphere and its chemical composition. We have
shown that the more the atmosphere is enriched with thermonu-
clear ashes, the smaller the color correction and the larger the
dilution factor. These dependencies are practically flat at relative
bolometric fluxes above 0.5 for iron- or nickel-dominated atmo-
spheres.

The optical thickness of the absorption edge increases with
decreasing relative bolometric flux of the atmosphere, but will
not exceed unity if the mixture contains significant amounts of
several heavy elements, such as titanium, chromium, iron, and
nickel. The reason is that as the bolometric flux, and therefore the
effective temperature of the atmosphere, decreases, the role of
the main absorption edge continually shifts to ions of ever lighter
elements. The optical thickness of the absorption edge exceeds
unity only in chemically homogeneous atmospheres consisting
of one of the aforementioned species.

A qualitative comparison of the calculated model spec-
tra with the results of fitting two unusual X-ray bursts from
the LMXBs HETE J1900.1-2455 and GRS 1747-312 showed
that the models previously considered may not be sufficient
to explain them. In particular, comparison with our new mod-
els confirmed the conclusion made by Kajavaetal. (2017)
that the relative abundance of thermonuclear ashes in the
atmosphere changes rapidly during the considered X-burst in
HETE J1900.1-2455. Therefore, it is necessary to consider
chemically stratified model atmospheres. We expect that in such
atmospheres, the plasma opacity at high photon energies (E >
10keV) will increase more rapidly with depth. This will lead to
a decrease in the emergent radiation flux at these energies. Over-
all, the spectrum of the emergent radiation will be closer to the
spectrum of a blackbody with a temperature equal to the effec-
tive temperature resulting in a decrease of the color correction
factor.

The contribution of elements heavier than nickel to the chem-
ical composition of the ashes may also be important. We plan to
investigate the properties of such model atmospheres in future
studies.

Data availability

Full set of spectral energy distributions of NS model atmo-
spheres for chemical compositions ashl-ash4 as well as
for pure iron considered in the paper are available at
Zenodo (https://zenodo.org/records/20035991). That
record also presents the best fit parameters with the analytical
model from Tables B.1-B.5.
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Appendix A: Comparison with pure iron
atmospheres

In addition to the chemical compositions presented in this paper,
ashi-ash4, we also computed model atmospheres composed
of pure iron. Such atmospheres are clearly unlikely to occur
in reality and therefore have primarily academic interest. Nev-
ertheless, we present them for two reasons. First, to compare
their properties with the previously published pure-iron models
of Niittild et al. (2015) and to demonstrate the changes intro-
duced by the improved atmosphere calculations, in particular
due to the inclusion of spectral lines and photoionization from
excited levels. Second, these models illustrate the maximum
optical depth that an absorption edge in X-ray burster spectra
can reach. This can be properly assessed only in a chemically
homogeneous atmosphere composed of a single heavy element
near the iron peak, since a mixture of heavy elements (even the
iron-dominated ash4 composition) tends to smooth the spectral
features.

The presence of significant amounts of nickel and chromium
in the ash4 mixture leads to a blurring of the iron absorption
edge due to the absorption edges of chromium and nickel (see
Fig. A.1). Moreover, with a decrease in the relative flux, and
hence the effective temperature, the role of the most notice-
able absorption edge accordingly passes from iron to elements
with lower ionization energy, i.e. chromium, titanium, etc. (see
Fig. A.2). This proceeds in such a way that the optical depth of
the main absorption edge remains relatively small and does not
exceed unity, 7y, < 1. On the contrary, in the case of pure iron
atmospheres, the main absorption edge remains the same, and
the optical thickness at the absorption threshold can significantly
exceed unity (see again Fig. A.2). We also note that the use of the
XSPEC procedure edge (where the absorption exponent is fixed
at p = 3) in fitting the observed burster spectra leads to an over-
estimation of the optical depth at the photoionization threshold
(see Fig. A.3).
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Fig. A.1. Comparison of spectra of model atmospheres consisting of
pure iron (blue curves) and chemical composition ash4 (red curves),
calculated for the same relative fluxes and gravity (logg = 14.3). The
best spectral fits are also shown with dashed curves.

It is of interest to compare the main parameters of spectral
fitting, color correction f; and dilution factor w. Such a com-
parison is presented in Fig. A.4. We considered both models
consisting of pure iron and models calculated for other mix-
tures. The dependencies obtained by Niittild et al. (2015) for
pure iron atmospheres are also shown. Model spectra computed
by Nittild et al. (2015) were fitted by a diluted blackbody with-
out any absorption edge taken into account. Therefore, for mod-
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Fig. A.2. Evolution of the optical depth at the threshold 7y, with the
relative flux for the models with iron dominated chemical composition
ash4 and pure iron with X,, = 0.5 and 1. The effect of fixing the
absorption exponent at p = 3 is also shown. The fit parameters were
obtained for logg = 14.0. For the model ash4 the absorption edges of
different chemical elements dominate, and they are marked.
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Fig. A.3. Best fits of the atmosphere model spectrum with various
approximations. The model spectrum is shown with the black solid line.
The best fit function (7) with a free absorption exponent p is shown with
the red curve, while the fit with fixed p = 3 is presented with the blue
curve.

els consisting of pure iron and a mixture of ash2, we also pre-
sented (with dashed curves) the results of fitting with a simple
diluted blackbody without taking into account the absorption
edge.

We note that the color correction and dilution factors signif-
icantly differ if they were obtained using a diluted blackbody fit
with and without an absorption edge. In particular, the color cor-
rection is higher and the dilution factor is lower if the absorption
edge is included. It is interesting that the dependencies obtained
for the ash2 mixture without taking into account the absorp-
tion edge coincide with those obtained by Niittild et al. (2015)
for pure iron for sufficiently high relative fluxes, F/Fggq > 0.5.

The color correction and dilution factors obtained for mix-
tures ash3, ash4, and pure iron depend weakly on the relative
flux if it is high enough, F/Fgqq > 0.4. In this work we found that
pure iron atmospheres are unstable above a relative flux of about
0.75, although the previous work by Nittild et al. (2015) calcu-
lated pure iron models up to much higher luminosities. The rea-
son for this is that here we took into account additional opacity,
namely photoionization from excited levels and spectral lines.
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Fig. A.4. Evolution of the fit parameters with the relative flux. We con-
sidered here models with chemical composition ash4 (X,;, = 1 and
0.8), ash2, and pure iron. The black solid curves shows the parameters
for pure iron models from Nittild et al. (2015). The dashed curves cor-
respond to the fits with diluted blackbody without an absorption edge.

Appendix B: Fitting parameters

Here we present the results of fitting the spectra of the calcu-
lated model atmospheres with different chemical compositions.
Two fitting functions were used: diluted blackbody and diluted
blackbody with one absorption edge (see Eq. (7)). In the second
case, the absorption edge threshold energy Ey, its optical thick-
ness at the threshold 7y, and the absorption exponent p, which
determines the shape of the fit at photon energies exceeding Ey,
are added to the diluted blackbody fitting parameters, color cor-
rection f; and dilution factor w.

The results of fitting by both methods are presented in
Figs. B.1-B.3. For the models with the relative ash abundances
X.ah = 1,0.5, and 0.1, the results for high relative fluxes,
where the absorption edges of the dominant chemical element
(chromium for ash2, nickel for ash3, and iron for ash4) are the
main absorption edges in the fits. If the absorption edge in the fit
is negligible, only the results without the edge are shown (dashed
curves).

The results of fitting the spectra of model atmospheres con-
sisting exclusively of thermonuclear ashes are also presented in
the tables. Model spectra of atmospheres consisting of helium-
dominated ashes (mix ash1) were fitted only with a diluted
blackbody (see Table B.1). For the remaining mixtures of ther-
monuclear ashes, the results of fitting with a diluted blackbody
are given, taking into account the absorption edge (Tables B.2—
B.4). To illustrate the potential importance of the gravity value,
models with logg = 14.0 were calculated too. Their emergent
spectra were fitted by a diluted blackbody taking into account
the absorption edge (see Table B.5). Tables with fitting results
for models consisting of mixtures of thermonuclear ashes and
plasma of solar chemical composition (X,s, = 0.5, 0.1, and 0.01)
can be provided upon request.
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Fig. B.1. Evolution of the fit parameters with the relative bolometric
flux for models with chemical composition ash2 and its mixing with
a plasma of solar H/He mix and sub-solar heavy elements abundances
(A = 0.01). The parameters of the fit with a diluted blackbody without
an absorption edge are shown with dashed lines. For comparison, the
evolution of the fit parameters for models with X,q, = 0 are also shown
with the solid black line.
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— Table B.1. Fitting parameters of the models with the chemical compo-

- 1.8-— ash3 log g = 14.3 ,—- sition ash1, X,s, = 1, and logg = 14.3.
§ 16
s : F/Fpaa W Jfe
g 1.4 1.080  0.099 1.802
S i 1.060 0.126 1.685
g 12 1.040  0.151 1.604
S 1.020  0.163 1.570
! 1 1.000  0.175 1.536
N 0.8 T 0.980 0.185 1.514
5 o6 0.950 0200 1.484
5 [ 0.900 0221 1.444
< 04 0.850 0.234 1.422
k> I 0.800 0.246 1.403
B 02 0.750 0.258 1.387
a - 0.700 0264 1.379
0.0 0.650 0269 1.373
= 08 0.600 0275 1364
s | 0.550 0277 1362
S 0.6 0.500 0277 1.362
g i 0.400 0274 1366
g 04 0300 0266 1.377
2, 02 0200 0252 1.396
3 I 0.150 0239 1.412
= 0.0 ' ' 0.100 0224 1.435
0‘0 0.2 0.4 0.6 0.8 1‘0 0.070 0.208 1.460
F/F 0.050 0.193 1.485
fad 0.030 0.170 1.526
Fig. B.2. Same as Fig. B.1, but for ash3. 0.010  0.109  1.675
° I_ o I, L | Table B.2. Fitting parameters of the models with the chemical compo-
E 1'8_ ash4 log g =14.3 ' sitionashZ,Xashg:pl,andlogg:14.3. b
3 1.6 g
§ 14 ] F/Fpaa W fe En  Tn b4
5 A ] 1.060 0302 1342 7.89 0.03 0.94
S 12 - 1.040 0318 1327 7.97 0.05 0.94
- 1 1.020 0340 1305 7.83 0.05 0.33
. LO p—r———"——————1— 1.000  0.353 1.289 7.85 0.06 0.41
5 08t i 0980 0367 1279 7.93 0.10 0.83
s - ] 0.950 0390 1.258 7.91 0.09 0.54
E 0.6 0900 0426 1.232 7.81 0.14 0.61
§ o4l 0.850 0.462 1205 7.86 0.18 1.20
RN 0.800 0.488 1.189 7.78 0.21 1.14
a8 o 0.750 0517 1.175 7.67 024 0.98
| 0.700 0560 1.148 7.84 0.26 1.18
0.0 0.650 0598 1.132 7.74 030 1.23
- 0.600 0.633 1.117 7.91 032 1.10
£ 087 0550 0673 1104 7.72 035 120
< 06 0.500 0.719 1.089 7.57 037 0.75
S I 0.400 0.850 1.049 7.74 047 1.04
2 04 0300 0.751 1.137 6.48 025 -2.88
S ol 0200 0.892 1.106 656 036 -3.49
S 02N/ N _ 0.150 0547 1364 528 0.16 =550
M ogol— 1 D~ T, e 0.100 0505 1.417 531 030 -522
00 02 04 06 08 1.0 0.070 0.480 1.441 524 046 —-4.78

0.050 0.673 1275 527 058 =590
0.030 0.157 2093 4.71 029 -10.78
0.010 0.036 3.035 4.55 053 -14.28

FIF,,

Fig. B.3. Same as Fig. B.1, but for ash4.
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Table B.3. Fitting parameters of the models with the chemical compo-
sition ash3, X, = 1, and logg = 14.3.

F/Fgqq w fe Eg, Tih p

0.750  0.547 1.179 10.62 0.41 0.27
0.700  0.551 1.187 10.64 0.53 0.74
0.650 0.574 1.182 10.77 0.66 0.70
0.600 0590 1.183 10.54 0.64 -0.40
0.550 0.608 1.183 10.44 0.77 -0.49
0.500 0.626 1.184 10.61 093 -0.61
0400 0573 1247 928 040 -5.63
0.300 0.559 1269 9.00 051 -6.52
0200 0410 1423 7.60 034 -5.80
0200 0425 1403 783 054 -393
0.150 0401 1419 758 0.67 -3.96
0.100 0435 1358 747 1.19 =292
0.070 0318 1494 6.60 046 -6.13
0.050 0.340 1.428 6.57 051 -649
0.030 0290 1.444 642 062 -5.63
0.010 0.096 1782 552 038 -3.63

Table B.4. Fitting parameters of the models with the chemical compo-
sition ash4, X,q, = 1, and logg = 14.3.

F/Fgaq w fe En  Ta p

0.750 0.545 1.176 9.11 0.35 0.12
0.700 0.582 1.162 9.27 038 -0.09
0.650 0.579 1.176 9.11 043 0.08
0.600 0.596 1.177 9.08 0.44 -0.63
0.550 0.616 1.176 9.12 0.54 -0.61
0.500 0.632 1.178 9.02 0.62 -0.72
0400 0577 1255 7.72 020 -5.63
0.300 0.538 1316 7.80 038 -5.63
0.200 0.543 1319 7.67 086 -3.59
0.150 0337 1579 6.60 0.18 -9.33
0.100 0310 1581 6.51 035 =735
0.070  0.319 1526 6.60 092 -3.65
0.050 0330 1473 647 103 -3.84
0.030 0.297 1467 651 125 -4.49
0.010 0.096 1854 5.55 036 -591

Table B.S. Fitting parameters of the models with the chemical compo-
sition ash4, X,q, = 1, and logg = 14.0.

F/Fgqq w fe En p

0.750 0495 1226 9.18 029 -1.02
0.700 0.531 1212 924 043 -0.83
0.650 0.586 1.184 9.26 0.65 -0.64
0.600 0590 1.195 9.11 0.60 -1.71
0.550 0.620 1.187 9.06 0.71 -1.86
0.500 0.550 1.257 7.88 032 -4.25
0400 0532 1292 7.78 051 -4.25
0.300 0.507 1317 7.68 095 -3.56
0.200 0.328 1.532 647 044 -4.25
0.150 0320 1516 649 050 -5.66
0.100 0.325 1468 647 095 -3.76
0.070  0.190 1.733 5.55 020 -8.75
0.050 0.190 1.675 5.63 038 -6.25
0.030 0.139 1743 554 045 -5.29
0.010 0.054 1975 5.59 052 -4.41
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