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Abstract

PSR B1259-63/LS 2883 is a well-studied gamma-ray binary hosting a pulsar in a 3.4-year
eccentric orbit around a Be-type star. Its non-thermal emission spans from radio to TeV ener-
gies, exhibiting a significant increase near the periastron passage. This paper is dedicated to
the analysis of INTEGRAL observations of the system following its last periastron passage
in June 2024. We aim to study the spectral evolution of this gamma-ray binary in the soft
(0.3-10 keV) and hard (30-300 keV) X-ray energy bands. We performed a joint analysis of the
data taken by INTEGRAL/ISGRI in July—August 2024 and quasi-simultaneous Swift /XRT
observations. The spectrum of the system in the 0.3-300 keV band is well described by
an absorbed power law with a photon index of I' = 1.42 & 0.03. We place constraints on
potential spectral curvature, limiting the break energy E, > 30 keV for AI' > 0.3 and cutoff
energy E.yioff > 150 keV at a 95% confidence level. For one-zone leptonic emission models,
these values correspond to electron distribution spectral parameters of Ey, o > 0.8 TeV and
Ecutofte > 1.7 TeV, consistent with previous constraints derived by H.E.S.S.

Keywords: X-rays; individuals; PSR B1259-63-X-rays; stars-Gamma rays; general radiation
mechanisms; non-thermal

1. Introduction

PSR B1259-63 is a rotation-powered radio pulsar with a spin period of Pspin ~ 48 ms,
orbiting an 09.5 Ve optical companion, LS 2883. This binary belongs to the subclass of
gamma-ray binaries-high mass binary systems, which emit most of their non-thermal
emission in the gamma-ray range. The system has well-established orbital parameters [1,2],
including high eccentricity (e ~ 0.87) and a long orbital period (T, ~ 1237 days). It is one
of only three gamma-ray binaries in which the compact object is confirmed to be a pulsar,
making it an attractive candidate for studying and modeling emission from gamma-ray
binaries (see [3] for a review).

The optical Be star companion produces both polar and axisymmetric outflows: a polar
wind and a decretion disk [1]. The pulsar orbital plane is inclined relative to the decretion
disk, so the pulsar passes through the disk twice per orbit, approximately 15-20 days before
and after periastron [4].

The interaction between the stellar outflows and the pulsar’s relativistic wind forms
an intrabinary shock, where accelerated particles produce non-thermal emission spanning
from radio to TeV energies [5,6]. Close to the periastron passage, this unpulsed emission
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from the intrabinary shock dominates the electromagnetic spectrum (from X-rays to TeVs,
and in the radio band). For the purpose of our work, we will refer to all such unpulsed,
binary-system-generated emission as “binary radiation” (distinguishing it from direct,
pulsed emission from a pulsar). The non-thermal radiation intensity increases near peri-
astron, and the X-ray emission is additionally enhanced during the pulsar-disk passages,
leading to a two-peaked X-ray light curve. The most recent periastron passage occurred on
30 June 2024 (T, = MJD 60491.591).

The multiwavelength observational campaigns covering previous periastron passages
have revealed that the system’s observational properties, such as the shape of the light
curves in different energy ranges, vary from one orbit to another (see [7] for a review
of previous periasters observations). In particular, the 2021 periastron passage has re-
vealed a number of unusual features, like the presence of the third X-ray peak [7,8]. The
2024 periastron was monitored by radio, optical, and gamma-ray observatories, as well as
by the X-ray telescopes Swift and NICER. The X-ray light curve was found to be more com-
plex than expected, demonstrating a prolonged second hump after the second pulsar-disc
passage [9].

In previous studies of the hard X-ray emission from PSR B1259-63 /LS 2883, the spec-
trum was successfully described by an absorbed power law (PL) model with no indications
of a more complicated spectrum or an additional thermal component. Shaw et al. [10]
analyzed the system in the 20-200 keV band with INTEGRAL and found that the PL with
an index of I' = 1.3 + 0.3 provided a good fit. More recently, Chernyakova et al. [11] ex-
amined data from NuSTAR and Suzaku (up to E~70 keV) as well as INTEGRAL (up to
60 keV, though no spectrum was provided), finding a slightly phase-dependent PL fit with
I'~15-17.

In this work, we examine the hard X-ray emission (>30 keV) from the binary using
new observations from the INTEGRAL/ISGRI observatory. Nominally, the IBIS/ISGRI
instrument can obtain X-ray spectra up to 500 keV, allowing us to test the PL model at
higher energies. We analyze data from July—August 2024 to extract the spectrum, build a
light curve, and study the spectral evolution of the system.

The data analysis process is described in Section 2, followed by results and discussion
in Section 3. The findings are summarized in Section 4.

2. Data Analysis

The INTEGRAL/ISGRI 2024 periastron passage data cover revolutions 2798-2805 and
2807, with a total exposure time of 258 ks taken between 9 July and 2 August 2024. For each
revolution, the data were processed according to the IBIS Analysis User Manual v. 11.2},
using the standard ISDC offline scientific analysis software v. 11.2. Using the standard
data analysis pipeline, we obtained nine ISGRI spectra for the nine revolutions, summing
science windows for each revolution. The energy bins were defined as four logarithmically
spanned bins in the 30-80 keV range and one bin in the 80-300 keV range.

We note that the spectral analysis of PSR B1259-63/LS 2883 in hard X-rays with
ISGRI is complicated by the presence of a nearby (~10" away) source 2RXP J130159.6-
635806, a Be/X-ray pulsar, which lies well within the ISGRI PSF for our target. To
account for the possible contribution of this source to the PSR B1259-63 spectrum, we
utilized the best-fit model from the most recent NuSTAR observations of this source
taken quasi-simultaneously with ISGRI and reported by Salganik et al. [12]. For this
period, MJD 60500-60530, the flux of 2RXP J130159.6-635806 was at a constant level of

012 erg s~ 1 em™2, an order of magnitude lower than that of PSR B1259-

Fos-10kev~3 x 1
63/LS 2883: Fy5_10 kev~(3-6)x 10~ erg s~} cm~2 and, therefore, does not strongly con-

taminate the results presented.
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To extend our analysis to softer X-ray energies, we also incorporated Swift/XRT
(hereafter XRT, [13]) data in the 0.3-10 keV band, as analyzed in Chernyakova et al. [9]. The
excellent time coverage of PSR B1259-63 /LS 2883 by XRT allowed us to match each of the
nine ISGRI observations with a corresponding XRT observation, separated by no more than
1 day. This resulted in nine joint XRT and ISGRI datasets. The XRT spectra were binned
using a minimum of 25 photons with the grppha routine. These spectra were further
analyzed using XSPEC v.12.11.0 from HEASOFT v.6.27. Table 1 shows the parameters
of the datasets: Science Window ranges (ScW—continuous time intervals during which
the satellite maintains a stable pointing), MJD, and time since periastron passage, along
with the absorbed PL best fit parameters and fluxes in soft and hard X-ray energy bands.
Figure 1 presents examples of such datasets (no. 2, 7, and 9), together with their best fit by
the absorbed PL models (Tbabs*powerlaw) and residuals.

Table 1. Best-fit parameters for the 9 datasets of XRT -ISGRI data, including observation details (ScW
ranges, MJD, and time since periastron passage), along with the absorbed PL joint fit parameters I
and Ny and fluxes in the soft and hard X-ray energy ranges.

F+AF F+AF

Dataset No. ScW Range MJD T-T, (0.3-10 keV) (30-50 keV) I+ AT Nu £+ ANy
Days 10~ 155, 10~ 128, 102 cm—2

1 27980036-60  60501.2 9.6 0.87 £0.14 0.36 £0.3 1.854+0.72 1.39 +0.87
2 27990019-41  60503.1 11.5 1.65+0.19 0.93 +£0.45 1.64 £+ 0.66 0.55 +0.45
3 28000051-75  60506.5 14.9 3.0+0.19 1.73+04 1.66 +£0.22 0.87 £0.26
4 28010036-60  60509.0 17.4 6.08 £0.44 4.324+0.42 1.57 +0.11 0.88 +£0.37
5 28020054-78  60511.7 20.1 3.96 £0.15 3.93 +£0.37 1.41 £0.09 0.78 £0.19
6 28030030-54 60513.8 22.2 418 £0.21 4.45+0.53 1.38 +0.1 0.82 +£0.25
7 2804002248  60516.5 249 3.11 £0.14 342 +0.44 1.36 = 0.1 0.69 £0.18
8 28050056-81 * 60519.8 28.2 3.88 £0.18 46+04 1.35 £ 0.08 1.03 £0.28
9 28070023-47  60524.5 32.9 5.78 £0.43 5.23 +0.49 148 £0.1 1.25 £+ 0.52

All given errors are half sums of lower and upper 1¢ uncertainties. * Except ScW #28050079.
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Figure 1. Spectra for the datasets 2, 7, and 9. For each dataset, Swift/XRT and INTEGRAL /ISGRI
data were modeled simultaneously with an absorbed PL model (tbabs*powerlaw), and the model is
also shown.

We also searched for indications of a more complex spectral model: broken PL
or exponential cutoff PL (see below). For these models, we used the XSPEC models
Tbabs*bknpower and Tbabs*cutoffpl. When parameter exploration was required, we
employed the steppar routine.
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3. Results and Discussion

We fitted the spectra from nine joint (XRT + ISGRI) datasets with the absorbed PL
model, treating the interstellar hydrogen density Ny, the X-ray spectral slope I', and the
normalization of the PL as free parameters. For the fit, we adopted x? statistics; the
errorbars shown in Figure 1 correspond to the 1o statistical confidence interval.

Figure 2 presents the results of the performed analysis. The top panel illustrates the
post-periastron PSR B1259-63 /LS 2883 light curve obtained from, first, only the XRT data
(0.3-10 keV, grey points), and, second, from the joint fit of the XRT and ISGRI data (blue and
red points). The blue points indicate the flux derived from the joint fit in the XRT energy
range (0.3-10 keV), allowing for a direct comparison with XRT-only data points. The red
points correspond to the flux in the 30-50 keV energy range. The Figure shows that the
light curve in the hard X-ray band traces the same secondary hump at ~25-40 days after
the periastron, as previously reported in the soft X-ray band, while the nature of this hump
remains largely unclear. For example, it could be attributed to a longer electron runaway
time caused by the disk’s disruption (see, e.g., [7]).

4
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Figure 2. Top: The 2024 light curve in soft X-rays (blue) and hard X-rays (red) from joint Swift /XRT
and INTEGRAL/ISGRI fits. The gray points correspond to the soft X-ray flux from the XRT -only fit.
All XRT + ISGRI pairs are marked with the dataset number they belong to. Middle and bottom: The
photon index I' and the column density Ny from the joint fit, in red, and XRT -only fit, in gray. On the
two lower panels, the red bands show the 1o-uncertainties for the I' and Ny fits from datasets 4-9.
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The middle panel of Figure 2 shows the results for the spectral slope I' derived from
XRT-only data (grey points) and from the joint XRT -ISGRI spectral fit (red points). The
lower panel presents the interstellar neutral hydrogen absorption value with the same
color scheme. Although not statistically significant, we note the gradual hardening of the
spectral slope as PSR B1259-63 /LS 2883 moves away from periastron. The observed trend
is consistent with high-quality XMM-Newton data (see [11] for the summary for several
periastron passages). Figure 2 illustrates the substantial improvement in the spectral PL
index constraints using the joint XRT and ISGRI data analysis. To further illustrate this
improvement, we examined the confidence ellipses for Ny and I', as these parameters are
typically strongly correlated for the X-ray data.

In Figure 3, we show Ax? maps in I' — Nij parameter space from the joint XRT -ISGRI
analysis of high-quality datasets 4-9 (corresponding to 17-33 days after periastron) and
compare them to the analysis of the corresponding XRT -only observations. The colorbar
represents the change in x? for the given (Np,T') relative to the best-fit x> value. The
white contours show 1¢ and 2¢ statistical confidence regions, Ax? = 3.5 and Ax? = 6.2,
correspondingly, for a joint fit, with the best-fit values of I' = 1.42 £ 0.03, Ny = 0.86f8:(1]§.
The red ellipses show the same confidence regions for the XRT-only analysis around the
best-fit values I' = 1.30 £ 0.14, Ny = 0.76f81%g. One can see that the inclusion of ISGRI
data significantly improves the constraints on the spectral slope. Within error bars, the PL
spectral index and hydrogen column density for datasets 4-9 remained consistent with the
constant joint fit values (see red shaded regions in Figure 2).

138

136

134

x? Joint fit

132

130

Figure 3. Chi-square (x?) maps in the [-Nyj parameter space. The color scale represents the joint
fit x2 values, with regions below 3¢ significance shown. White contours indicate the 1o and 20
confidence levels. Red contours correspond to x? levels from XRT-only fits (see labels). The analysis
includes data from datasets 4-9 only.

Motivated by the considerable refinement of the joint XRT -ISGRI analysis, we per-
formed an additional search for deviations from a simple PL model. We searched for a
break in the spectrum by fitting it with a broken PL model:

E<E,: No(E/E,)™ ",

1
E>Ey,: No(E/E,)™ " @

dN/dE = {
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and tested for the spectrum curvature using the exponential cutoff PL:
dN/dE = Ny(E/1keV) Texp(—E/E.). )

The results are shown in Figure 4 as the change in x? between the modified and
simple PL models. The left panel corresponds to the broken PL model, while the right
panel corresponds to the exponential cutoff PL model. The contours denote the 1¢ and
20 statistical significance contours. For the the broken PL model, we additionally fixed
I'1 = 1.42 to its best-fit value derived from the joint XRT -ISGRI fit. We explicitly verified
that the best improvement of 6x? for both T'; and T, indexes free is min(6x?) = —2.2, which
remains within the statistical fluctuations of the data.

Broken PL - simple PL

Cutoff PL - simple PL

10 E/
400} i 10
8
> 300t 8
i
________________ 6 £ 6
. £200f
3 4
w
2 2
. . . E, . . 0 100 k . . . . 0
0.4 —03 -0.2 -0.1 0.0 0.1 02 03 0.4 -0.15 -0.10 -0.05 0.00
=Ty r—1.42

Figure 4. The difference in total x? between a modified PL model and a simple PL model. Left: The
modified model is a broken PL, with the map shown in coordinates of break energy E;, and index
difference AT’ = I'y — T'y. The first index was fixed at I'; = 1.42, while the second index I', was varied.
Right: The modified model is an exponential cutoff PL, with the map shown in coordinates of the
cutoff energy E. o and spectral index I'. The white solid contours indicate significance levels of 1o
and 20 The color bars to the right of the plots indicate the value of Ax?.

This figure demonstrates that the data limit spectral breaks to E,, 2 10 keV (for
AT > 0.1) and E, 2 30 keV (for AT > 0.3) at the 20 confidence level. The data do not
constrain the break energy above E;, 2 100 keV. Similarly, we place a lower limit on the
cutoff energy of E uoft 2 150 keV at 95% (20) statistical significance. As before, the 1o and
20 levels were defined as Ax? = 3.5 and Ax? = 6.2, respectively, above the best-fit x? value.

The multiwavelength (keV to TeV) spectral energy distribution (SED) of PSR B1259-
63/LS 2883 is shown in Figure 5. The X-ray data correspond to the joint XRT and ISGRI
spectrum from datasets 4-9; the GeV data are the Fermi/LAT spectra from Chernyakova
et al. [9], obtained for different time intervals around the 2024 periastron passage; and
the TeV data are H.E.S.S. results from the 2021 periastron campaign [14] averaged over
25-36 days after periastron.

We fit the data with a simple one-zone leptonic model in which the X-ray emission
originates from the synchrotron emission of a population of relativistic electrons, while the
TeV emission arises from Inverse Compton (IC) emission from the same population. We
assumed that the population of electrons is characterized by a super-exponential cutoff

dNe ) ( r)/ ) ﬁ
xy Pexp | — . 3
d’Y i P ( Ycutoff ( )

The key parameters of this electron distribution can be estimated analytically based on

PL spectrum,

the X-ray analysis presented above. Namely, the electrons’ distribution index is given by
p = 2T — 1 =~ 1.8. The derived limits on the break/cutoff energy of the photons’ spectrum
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translate into the constraints for the corresponding quantities in electrons’ spectrum via
Ecutofi/b = 52keV (B/1G) (Ecutofi/b, e /1 TeV)?. Thus, we constrain the possible break in
the spectrum of electrons to be at Ej, 2 0.8 TeV and cutoff energy to Eqyoff, e 2, 1.7 TeV.
This value is consistent with the cutoff upper limit E o5 2 27 TeV reported by HE.S.S. [14].

We further performed the detailed spectral analysis of the discussed model with
the Naima package [15], which uses synchrotron and isotropic IC emission models de-
scribed in [16,17]. We leave the discussion of the applicability of such a model to a future
work, pointing out the potential significance of the IC emission anisotropy and the spatial
extension of the emission zone along the intrabinary shock.

The blue and red lines in Figure 5 show the synchrotron and inverse Compton (IC)
components of the spectrum. We explicitly assumed that the GeV data is explained by a
separate component, such as a combination of a bremsstrahlung and IC emission from a
population of the relativistic electrons of the pulsar wind, (see, e.g., [6,18]). Indeed, we see
that the synchrotron emission is not enough to explain GeV data taken during Fermi flares.
Solid and dashed lines correspond to different choices of the super-exponential cutoff PL
index f, namely, solid lines correspond to B = 1, while dashed lines correspond to a sharp
cutoff g = 3.

10—1 L
7
w0
q
1072
=
O
%) Fermi 2024 0-20 d
3L ermi -20 days
~ 10 INTEGRAL 2024 stacked
Lt.l <+ Swift/XRT 2024 stacked
w <+ HESS 2021: 25-36 days
104 L HH Fermi 2024 'flares' (19-77 days)
b E 1 1 1 1 1
N |I||
ke 1
2 o ++M”| Hq"l £
&
-5 1 1 1 1 1
10! 103 10° 107 10°

E, keV

Figure 5. Top: SED of PSR B1259-63. Black: Swift/XRT stacked spectrum for the datasets 4-9.
Orange: INTEGRAL/ISGRI stacked spectrum for the same datasets. Red bound: Fermi 2024 spectrum
0-20 days after periastron. Green: Fermi spectrum during gamma-ray flares: 19-77 days after
periastron. All Fermi data is from Chernyakova et al. [9]. Magenta: 2021 H.E.S.S. spectrum 25-36 days
after periastron from H. E. S. S. Collaboration et al. [14]. The lines show modeled SEDs as sums
of synchrotron (first hump) and inverse Compton (second hump) emission. Solid (dashed) lines
correspond to the f =1 (B = 3) super-exponential cutoff index. Bottom: Residuals for the model
spectrum with g = 1.

To account for the absorption of the soft X-rays due to interstellar hydrogen, we
explicitly convolved the derived photon spectrum with the Tbabs absorption model using
Ny = 0.76 x 102 cm ™2, identical to the value used to fit XRT data.

The seed photons for the IC scattering were assumed to originate from the optical star,
with a temperature of Topt = 3 X 10* K [19] at a distance r ~ 2.5 au (the binary separation
at 32 days after the periastron passage). The v — v absorbtion was not accounted for.

The joint fit of the X-ray and TeV data ranges allowed us to constrain the magnetic field
in the emission zone to B ~ 2 G. Chernyakova et al. [6] preformed a simultaneous modeling
of X-ray, GeV, and TeV spectra, obtaining a magnetic field approximately 5-10 times weaker.
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However, their analysis was based on 2017 observational data, when the X-ray light curve
differed from the 2024 observations.

This value is consistent with the expected toroidal magnetic field originating from a
pulsar [20,21], at the distance of ~0.1 a.u.:

Lspin—down PE 7! 12
B3\ =m0 =09 (0.1 au) %01 G @

where Lepin_down = 8 X 10® erg s~! is the pulsar spin-down luminosity, o ~ 1073-10"
is the magnetization of the pulsar wind, and rpg is the distance from the pulsar to the
emission zone. The factor of 3 is due to the compression of the isotropic magnetic field at
the shock front.

This estimation may suggest that the emission zone is located close to the pulsar. The
theoretical X-ray light curve modeling by Chen et al. [22] successfully reproduced the
observed light curve while employing the equation above.

We note that a magnetic field of the same order may originate from the optical star.
We estimate the stellar magnetic field as follows (see also [23,24]):

Voo Rgpt B £ ps -1
Bopt = B —_— ~3 S G. 5
opt = Psurf AT (100 G) (2.5 au) ©)

Here, we adopt the values used by De Becker [24]: the terminal wind velocity
Voo = 3 Vese, the star rotation velocity Viot = 0.7 Vesc, the Alfvén radius ro = 3Ropt,
the star radius Ropt = 10 R [2], and rpg is a binary separation: the distance between
the pulsar and the optical star. By, is the magnetic field at the surface of the star. The
estimated magnetic field strength is of the same order as the fitted value of ~2 G. However,
no magnetic field has been detected in Be stars, with upper limits on the surface field
estimated at 50-100 G [25]. Moreover, theoretical modeling suggests that a surface field of
100 G would likely disrupt the decretion disk, with a limit of B¢ < 10 G for the strongest
surface field that would not completely destroy the disk [26].

We point out that the low level of GeV emission observed by Fermi at 0 < ¢ < +20 days
after periastron implies the presence of a spectral break or cutoff at energies below ~100 MeV
(see Figure 5). The derived lower limit for the cutoff energy, E.yoff > 150 keV, thus narrows
the cutoff to the range 100 keV < E < 100 MeV.

A similar trend of increasing X-ray and decreasing GeV components in the energy
spectrum is also observed in other gamma-ray binaries, indicating that the cutoff or break
likewise lies at E < 100 MeV, a range potentially accessible to hard X-ray instruments.
However, numerous attempts to detect this break have resulted so far only in upper limits
in the few x 100 keV range. For instance, LS I +61° 303, a microquasar, has been reported
to exhibit no break or cutoff at E < 100 keV [27,28].

In contrast, redback pulsars (a class of binaries with a millisecond pulsar ablating
a low-mass companion) show a spectral break at lower, keV-range energies [29]. The
X-ray emission in these systems is typically modeled as synchrotron radiation from ultra-
relativistic electrons in the intrabinary shock (see, e.g., [30]), allowing the break in the keV
band to be interpreted as evidence of synchrotron cooling in the electron population [30,31].
The lower break energy in this case can be connected to a substantially higher magnetic
field in the emission zone, B~50 G in redbacks, compared to B~1 G in gamma-ray binaries.

4. Conclusions

We conducted spectral analysis in the hard X-ray range for the 2024 periastron pas-
sage of PSR B1259-63 using INTEGRAL data. Spectral modeling shows that the data are
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satisfactorily described by an absorbed PL model in the 0.3-300 keV energy range. The
stacked spectra for ~18-32 days after periastron yield a photon index of I' = 1.42 4 0.03.

At the 20 significance level, we constrain the spectral break energy to E;, 2 10 keV
(for AT > 0.1) and E,, 2 30 keV (for AT' > 0.3). At the same significance, we exclude
an exponential cutoff at energies E.;off < 150 keV. For a possible break or cutoff in the
electron spectrum, these results translate to E, . > 0.4 TeV (for AT’ > 0.1), E,, . > 0.8 TeV
(for AT > 0.3), and E ytofre > 1.7 TeV. This limit on the cutoff energy is among the strongest
reported for PSR B1259-63. Further progress may be achieved with next-generation missions
such as eASTROGAM [32], AMEGO [33], and Gecco [34].

We also compared a theoretical one-zone emission model to the combined observed
X-ray and TeV spectrum, incorporating the 2021 H.E.S.S. TeV spectral data. The model with
a magnetic field of ~2 G provides the best fit. Such a magnetic field strength at ~30 days
after periastron suggests either that the emission zone lies very close to the pulsar or that
the magnetic field may originate from the optical star surface.
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