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X-Ray bursts (XRBs) are powerful thermonuclear events on the surface of accreting
neutron stars (NSs), which can synthesize intermediate-mass elements. Although the
high surface gravity prevents an explosive ejection, a small fraction of the envelope
may be ejected by radiation-driven winds. In our previous works, we have developed
a non-relativistic radiative wind model and coupled it to an XRB hydrodynamic sim-
ulation. We now apply this technique to another model featuring consecutive bursts.
We determine the mass-loss and chemical composition of the wind ejecta. Results
show that, for a representative XRB, about 0.1% of the envelope mass is ejected per
burst, at an average rate of 3.9 x 10712 Mgyr~!. Between 66% and 76% of the ejecta
composition is °°Ni, %4Zn, %8Ge, “He and Ni. We also report on the evolution of

observational quantities during the wind phase and simulate NICER observations
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1 | INTRODUCTION

Type I X-ray bursts (XRBs) are powerful, recurrent ther-
monuclear explosions on the surface of accreting neutron
stars in binary systems (Galloway, Muno, Hartman, Psaltis,
& Chakrabarty, 2008; José, 2016; Keek & in’t Zand, 2008;
Strohmayer & Bildsten, 2006). They occur when accreted
material builds up under moderately degenerate conditions,
triggering nuclear reactions and a thermonuclear runaway.
This leads to a sharp increase in luminosity and the production
of intermediate-mass elements, mainly around A=64 (Fisker,
Schatz, & Thielemann, 2008; José, Moreno, Parikh, & Iliadis,
2010; Woosley et al., 2004). A typical neutron star (NS), with
an escape velocity near %c, allows only a limited envelope
expansion before the nuclear reactions stop due to nuclear fuel
consumption. However, at certain accretion rates, significant
photospheric radius expansion (PRE) can occur, with luminos-
ity reaching or exceeding the Eddington limit, and potentially
leading to material ejection via a radiation-driven wind (see
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Herrera, Sala, & José, 2020, and references therein —-HSJ2020,
from now on). The contribution of XRBs to Galactic abun-
dances is still debated and is one of the goals of this study.
In addition, the study of XRB winds in PRE bursts can lead
to the determination of neutron stars radii and masses, there-
fore providing constraints on the equation of state of NS matter
(Damen et al., 1990; Giiver, Psaltis, & Ozel, 2012; Lattimer &
Prakash, 2006; Sala et al., 2012; Steiner, Lattimer, & Brown,
2010), but several simple assumptions are usually taken for
the determination of the NS mass (maximum luminosity at
the Eddington limit) and radius (touch-down of photospheric
radius at NS surface). The simulation of the NS envelope dur-
ing XRB winds can help to reduce uncertainties and test the
validity of those assumptions.

The last years have witnessed a renewed interest in the mod-
eling of XRB winds. H. Yu and Weinberg (2018) performed
MESA (Paxton et al., 2011) simulations of the hydrodynamics
of the wind after the Eddington limit is reached; and Guichan-
dut, Cumming, Falanga, Li, and Zamfir (2021) studied the
transition from static expanded envelopes to radiatively driven
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stellar wind and discussed the applicability of steady-state
models.

In HSJ2020 we determined the conditions for the presence
of a radiative wind in a generic NS scenario, we explored
the wind model parameter space in terms of energy and mass
outflows (E, M), and analyzed possible predictions related
to observable variables. Subsequently, in Herrera, Sala, and
José (2023) —-HSJ2023, from now on—, we applied the wind
model to a more realistic XRB scenario by coupling it to the
results of a high resolution (200 shells) hydrodynamic simu-
lation by José et al. (2010) -JIMPI2010 from now on—, which
modeled the thermonuclear reactions and complex hydrody-
namics of the XRB in the accreted envelope. This way we
could self-consistently simulate the evolution of the entire NS
envelope, from the nuclear burning shells to the photosphere
of the expanding wind, allowing us to study the evolution of
observable quantities for the XRB-wind model, to obtain the
composition of the envelope layers blown away by the wind,
and ultimately to assess the possible contribution of XRBs to
Galactic abundances.

As anatural continuation to the work presented in HSJ2023,
here we present the wind model coupled to another simula-
tion of JIMPI2010. While this time we use a lower resolution
simulation (60 shells) than the one studied in HSJ2023, it sim-
ulates four consecutive bursts in a continuous time sequence,
accounting for the accretion between bursts and thus the nat-
ural chemical evolution. Additionally, we were able to recon-
struct the continuous evolution of the photospheric properties
of each burst, featuring both the radiative wind and the wind-
free phases, for which we have also simulated observations
with the Neutron Star Interior Composition Explorer Mission
(NICER).

2 | MODELS AND METHODS

We provide here a summary of our models and methodol-
ogy, and refer the reader to the original articles for details.
The radiative wind (see HSJ2020) is simulated by a station-
ary, non-relativistic model with spherical symmetry, assuming
a fully-ionized perfect gas in local thermodynamic equilibrium
(LTE). The X-ray burst hydrodynamic models from JMPI2010
couple a nuclear reaction network (324-isotopes linked by
1392 nuclear interactions), into a modified version of the
SHIVA hydrodynamic evolution code (see José, 2016; José
& Hernanz, 1998). The hydrodynamic code assumes spher-
ical symmetry, Newtonian gravity, and energy transport by
radiative diffusion and convection.

In order to match the two models, we search the grid of time-
steps and radial-shells in the hydrodynamical models for points
where the physical conditions to power a radiative stellar wind

are fulfilled. Once suitable points are identified, a radiative
wind model solution is calculated adjusting its free parameters
to match the base conditions provided at the matching points by
the hydrodynamic model. We assume a radially uniform chem-
ical abundance for the wind model, determined from the XRB
hydrodynamic models at the matching point, and changing for
each time-step. Most of the physical variables of the hydrody-
namical model at the matching points between hydrodynamic
and wind model show some degree of fluctuation and irregular-
ity in time distribution, which are carried on to the wind model
solutions. A smoothing technique using local regression was
applied, incorporating the matching error as a weight factor, so
that the smoothing favors points with smaller error. The match-
ing technique between the XRB hydrodynamic model and the
wind model is described in detail in HSJ2023.

Unlike the high-resolution single burst model presented in
HSJ2023, in the present work we focused on the four con-
secutive bursts simulated in the lower-resolution model of
JMPI2010 (60-shell model), for a neutron star with Myg =
1.4 M, Ryg = 13.1 km, accreting solar composition material
at a rate of 1.75 x 107 M, yr™!. Its main resulting properties
are burst recurrence times ranging in about [5 — 6.5] hr, burst
duration of [55 — 75] s, peak luminosity within ~ [1 — 2] X
10° L, and peak temperatures in [1 — 1.25] x 10° K.

Finally, once we obtained XRB-wind model predictions for
observable quantities, we aim at providing a proof of the via-
bility of the detection of the presence of winds by simulating
observations with NICER. The full evolution of photospheric
quantities, such as radiative luminosity (LR,ph), effective tem-
perature (), photospheric radius (r,,), and element abun-
dances have been considered throughout the entire duration of
each burst, both for the wind and the wind-free phases. While
the photospheric values are well determined in the wind model
(as they are the outer boundary conditions), some assump-
tions were needed for the XRB hydrodynamic models, since
they focus mostly on nucleosynthesis in the inner layers. An
extrapolation technique was developed to obtain photospheric
values of the XRB wind-free phases. We assumed the photo-
sphere is located at 7% = kpr =~ 8/3, as prescribed by Kato
(1983). There, Ly ,, can be considered to be equal to the one
in the last reported shell, since no further nuclear reactions are
assumed to occur above it; the same can be said for element
abundances, since convective and diffusive mixing are negli-
gible. We assume the effective temperature at the photosphere
obtained from Stephan-Boltzmann’s law.

3 | RESULTS

The search for the XRB-wind model matching points was suc-
cessful for the XRB hydrodynamic simulation studied, i.e.,
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for all bursts analyzed there was a brief phase of radiative
wind and a consequent mass-loss. For brevity, we show results
for the second and third burst in the sequence (XRB-2 and
XRB-3). The shell where the wind conditions were fulfilled
in the hydrodynamic model (the matching point) followed a
well defined progression: starting in the outer (cooler and less
dense) layers, progressing to the inner (hotter and denser) ones
as the wind further expands the photosphere, and returning to
the outer ones again as the wind recedes. That is, we now have
the full evolution of the wind phase, featuring both expansion
and recession, in contrast to our higher resolution model in
HSJ2023, where we only had the receding part of the wind. The
resulting mass outflow, M, consequently showed higher values
at the inner matching layers, diminishing when the matching
point lies at shallower depths.

3.1 | Wind mass-loss and composition

We integrated the mass outflow rate of each isotope, ri;(), over
the duration of the wind to calculate the total mass-loss for
each species, Am,. The total mass ejected was AmXRB-2) =
7.6 X 10'8 g, and AmXRE3) = 2.2 x 108 g, a fraction of the
order of 1073 of the mass of the NS envelope. Given that the
model has an average recurrence time of 5.6 hr, and assuming
continuous activity, this results in a mean yearly output of 3.9x
10712 Mg yr~!, which is 0.3% of the mass-accretion rate. These
results are almost an order of magnitude smaller than the ones
we found in HSJ2023, mostly due to the shallower layers at
which the wind conditions are met, in the XRB model analyzed
here.

Figure 1 shows the total mass yield of stable isotopes pro-
duced in XRB-2 and 3 and ejected by the stellar wind, with
yields color-coded for isotopes with Am; > 10'° g. The top ten
isotopes are listed in Table 1 . Nearly 76% of the total ejected
mass in XRB-2 (66% in XRB-3) consists of the first five iso-
topes: *Zn, ©Ni, %8Ge, °Ni, and “He. These, along with the
other isotopes in the table, account for over 88% of the total
mass ejected in XRB-2 (83% in XRB-3).

The mass fractions of some isotopes vary noticeable
between bursts. This can partly be attributed to the difference
in available nuclear fuel in each consecutive burst, but also to
the depth at which the XRB conditions match a wind solution
(i.e., which layers are blown away by the wind).

3.2 | Observables and their correlations

Another key aspect we aim to determine from the XRB-wind
matching results is the evolution of observable features and
their relationship to other predicted physical variables. The
study of the one-burst simulation with higher spatial resolu-
tion in HSJ2023 (the 200-shell model) does not capture the full
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FIGURE 1 Total mass yield of stable isotopes from stellar
wind in XRB-2 (top) and XRB-3 (bottom).

wind evolution due to mismatches between the XRB hydrody-
namic and the wind model assumptions. However, the analysis
of the four consecutive bursts from the lower-resolution simu-
lations (60-shell model) in the present work supplements that
study and contributes to a more complete understanding.

The time evolution of photospheric quantities is shown in
Fig.2 . The photospheric radius expands from a few km above
the NS core (Ryg = 13.1 km) to about 300 km and then recedes
symmetrically towards the original expansion. Inversely, the
photospheric temperature drops from about 2 x 107 K at the
wind onset, cooling down to about 4.5 x 10° K during the
maximum wind expansion, and rising again afterwards. The
wind velocity remains around ~ 0.01 c after quickly rising
at the wind onset. The photospheric luminosity decreases dur-
ing the wind phase, in an opposite way to mass outflow M.
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FIGURE 2 Time evolution of photospheric quantities (temperature, radius, density, wind velocity, and radiative luminosity, in
reading order) and mass outflow during the wind phase, in XRB-2. Dots indicate values corresponding to wind model solutions
that match XRB hydrodynamic model conditions, with a matching error indicated by the color scale. Lines show the predicted
values, using a smoothing-interpolating technique. See HSJ2023 for further details.

The change is small, however, ~ 5 — 6%, and negligible com-
pared to the burst’s luminosity rise. The average wind-phase
luminosity is lower than the peak luminosity reported by the
hydrodynamical model ([1 — 2] X 105LO), and close to the
Eddington limit (~ 9 X 10%L), since part of the total energy
outflow is now in the form of kinetic energy of the wind.!
The luminosity drop at peak radial expansion could flatten the
luminosity peak or create a double peak if significant. This
flattening of the luminosity peak could indicate a stellar wind
presence observationally.

It is worth mentioning the similarity between the photo-
spheric density and temperature time evolution, as well as their
apparent inverse relation versus the photospheric radius. In

I'The stellar wind expands and cools the envelope, increasing opacity, which
absorbs more radiative energy and decreases the photospheric luminosity.

HSJ2023 we showed similar correlations related to a photo-
spheric luminosity close to the Eddington limit. Correlations
between observables such as photospheric luminosity and
wind velocity, with the wind parameters determined by physi-
cal conditions of the inner parts of the envelope are shown in
Table 2 . The derivation of these correlations was first treated
in HSJ2020.

3.3 | Observational signatures for NICER

With the aim of providing a first comparison with observa-
tional results, we constructed self-consistent time evolution
curves of the photospheric parameters for the whole evolution
of the four X-ray bursts studied in the present work, including
both the wind-free phase (from the hydrodynamic model) and
the radiative wind phase, as described in the last paragraph of
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TABLE 1 Top ten stable isotopes after radioactive decay by
mass yield, from stellar wind in XRB-2 and XRB-3.

XRB-2
Sym Z A Mass (g) Mass fraction
Zn 30 64 3.07x10™ 4.07x 107
Ni 28 60 1.35x10" 1.80 x 107
Ge 32 68 6.30x107 8.36 x 10792
Ni 28 56 3.41x107 4.52 x 1072
He 2 4 337x107 4.47 x 10792
S 16 34 242x10"7 3.21x 1079
Si 14 30 1.96x10" 2.60 x 10702
Ar 18 38 1.77x 107 2.35x 10792
Ti 22 46 1.43x107 1.89 x 107
XRB-3
Sym Z A Mass (g) Mass fraction
Zn 30 64 5.15x 107 2.36 x 107"
Ge 32 68 3.42x107 1.57 x 107
Ni 28 60 2.85x10" 1.30 x 107
He 2 4 175x107 7.99 x 1072
Ni 28 56 1.37x107 6.29 x 10792
Se 34 72 1.34x107 6.11 x 10792
S 16 34 7.62x10'° 3.48 x 10792
Si 14 30 621x10'% 284x107%2
Ar 18 38 535x10'° 2.45 x 10792

TABLE 2 Regression results from correlations among
observable variables and wind parameters in XRB-2.

Regression model | a c 1 — |Corr|
logT,, =c+alogr,, | —0.504 10.45 1x10°¢
logp,, = c+alogry, 1.014 1.233 5x10°¢
Eh—cra LS 11004 3x10° 3x107°
3 ¢ LRph "ph

E-L -
—E =4S 1015 —1x 107t 2x 107
LR ph LRph Tph

Sect. 2. The resulting time evolution of effective temperature
and bolometric luminosity were binned to 1-second bins, and
used as input parameters for sequences of black-body spectral
models in XSPEC. The black-body model was modified with
TBabs to account for interstellar absorption. To provide simu-
lations for a particular case, we take the interstellar absorption
and distance corresponding to 4U 1820-30 (N = 1.3 X
10?>cm~2 and distance of 6 kpc).

Figure 3 shows the simulated light-curve and effective tem-
perature evolution during bursts 2 and 3. We must remark that,
in our simulation, only the distance and the absorption data
were made to correspond to 4U 1820-30, while the hydrody-
namical simulations of the burst itself (JMPI2010), which are
the base of the results shown here, were not fine-tuned for
this particular source. Still, even without using an XRB model
that matches exactly the particular physical parameters of this
source, we observe that the range of the simulated temperature
variation (drop of a factor 3—4 at maximum expansion) and

count-rate (peaking around 35000 cps) are compatible with the
values observed for 4U 1820-30 (see for example Figs. 5 and 7
in W. Yu et al. 2024, and Fig. 6 and 5 in Jaisawal et al. 2024).
Although the duration of the observed bursts for 4U 1820-30
is shorter than in our simulation, we can find other examples
of double-peaked, expansion bursts with similar time-scales to
our results (for example, for J1808.4-3658, figure 3 in Bult et
al. 2019.)

4 | CONCLUSIONS

Our technique to link of the stellar wind model (HSJ2020) to
the XRB hydrodynamic models (JMPI2010) has allowed us to
construct the time evolution of wind profiles and to quantify
the mass-loss of each isotope produced by nucleosynthesis dur-
ing the bursts. In contrast to the single burst case we presented
in HSJ2023, where the technique was first introduced, in the
present work we have shown the results for two consecutive
bursts from a sequence of four bursts in the XRB simulations
(60-shell model in JMPI2010) which, albeit with a lower res-
olution, feature the whole evolution of the wind phase, as well
as variations between consecutive bursts.

The average ejected mass per unit time represents 0.3% of
the accretion rate, with 0.1% of the envelope mass ejected per
burst and 66% — 76% of the ejecta composed by ®°Ni, %4Zn,
%8Ge, 3¥Ni, and “He. These are much lower values than the
ones found in HSJ2023. Additionally, a noticeable variation of
ejecta composition was observed between consecutive bursts.
These differences are due to both the chemical evolution of
the envelope and the depth of envelope layers blown away by
the wind. Photospheric quantities show the same correlations
found in HSJ2023.

Finally, we have built the complete evolution sequences
(both wind and wind-free phases) of luminosity and effective
temperatures for PRE bursts with radiative wind and used them
to simulate NICER observations. We have found light-curve
time-scales and dynamical ranges of count rates and tempera-
tures compatible with actual NICER observations, for instance
of 4U 1820-40 and J1808.4-3658.

The present work establishes the bases for the future devel-
opment of a grid of XRB-wind models, with varying NS and
accretion parameters, that can be used as a diagnostic tool for
PRE X-ray bursts showing evidence of radiative winds. This
grid of models could help us fit the observed and predicted
light-curves and temperature evolution curves to determine
physical parameters of the wind, the X-ray bursts and the NS
hosting them.
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FIGURE 3 Photon count rate (top row panels) and effective temperature evolution (bottom row panels), simulated with XSPEC,
for XRB-2 and XRB-3 wind model predictions around peak expansion. The time starts at each burst onset.
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