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Abstract: PSR B1259-63 is a gamma-ray binary system hosting a radio pulsar orbiting around a
O9.5Ve star, LS 2883, with a period of ∼3.4 years. The interaction of the pulsar wind with the LS 2883
outflow leads to unpulsed broadband emission in the radio, X-ray, GeV, and TeV domains. One of
the most unusual features of the system is an outburst of GeV energies around the periastron, during
which the energy release substantially exceeds the spin down luminosity under the assumption of the
isotropic emission. In this paper, we present the first results of a recent multi-wavelength campaign
(radio, optical, and X-ray bands) accompanied by the analysis of publicly available GeV Fermi/LAT
data. The campaign covered a period of more than 100 days around the 2021 periastron and revealed
substantial differences from previously observed passages. We report a major delay of the GeV flare,
weaker X-ray flux during the peaks, which are typically attributed to the times when the pulsar
crosses the disk, and the appearance of a third X-ray peak never observed before. We argue that
these features are consistent with the emission cone model proposed by us previously, in the case of
a sparser and clumpier disk of the Be star.

Keywords: gamma rays: general; pulsars: individual: PSR B1259-63; stars: emission-line, Be; X-rays:
binaries; X-rays: individual: PSR B1259-63; radiation mechanisms: non-thermal

1. Introduction

PSR B1259-63 (PSR J1302–6350) is a 47.76-ms radio pulsar orbiting an O9.5Ve star
(LS 2883) with a period of ∼1236.7 days in a highly eccentric orbit (e∼0.87) [1–3]. The Be
stellar disk is highly inclined to the orbital plane [4], so that the pulsar crosses the disk twice
per orbit. Based on the parallax data in the Gaia DR2 Archive [5] the distance to the system
is 2.39± 0.19 kpc, which is consistent with the value of 2.6+0.4

−0.3 kpc reported previously [6].
PSR B1259-63 is one of two known systems where an interaction between the pulsar wind
and the mass outflow from the young, massive companion leads to broadband (from radio
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up to TeV energies), unpulsed non-thermal emission (see e.g., [7], and references therein).
Another known pulsar with similar broadband properties, PSR J2032 + 4127, has an orbital
period of about 50 years [8,9] and thus the possibilities to study the details of the interaction
of the winds near the periastron in this system are very limited. The nature of the compact
source in all other known gamma-ray binaries is not yet known. These systems can either
harbour a hidden pulsar or a black hole (see e.g., [7] for a review), and thus detailed studies
of PSR B1259-63 as a model system are highly important.

PSR B1259-63 was discovered in 1992 during the Parkes Galactic plane survey [1,10]
as the first radio pulsar in orbit around an OB star. Further observations revealed that
the pulsed radio emission is completely absorbed from around 20 days before to 20 days
after periastron, but that unpulsed radio emission appears about 20 days before the pe-
riastron, quickly rising to a flux exceeding the pulsed flux by a factor of several tens,
and shows two peaks that are associated with the pulsar crossing the plane of the circum-
stellar disk, before and after the periastron, and lasts for at least 100 hundred days after
periastron [11,12]. In X-rays, PSR B1259-63 is visible throughout the whole orbit with two
flux peaks approximately 15 days before and after periastron, similar to the radio light
curve (see e.g., [13,14]).

During the periastron passage, PSR B1259-63 is also visible at high and very high
energies (e.g., [15,16]). In 2010, 2014 and 2017, the light curve at GeV energies was marked
by the presence of a strong flare, which occurred about 30–40 days after the periastron
(e.g., [15,17,18]). In 2017, the flare was characterized by the presence of variability on time-
scales as short as 15 min, during which the energy release substantially exceeded the spin
down luminosity (in the case of an isotropic outburst) by a factor of∼30 [15,19]. These flares
were observed only at GeV energies with no obvious counterparts at other wavelengths
despite the possible link to a decrease of the Hα equivalent width [20,21]. To explain the
luminosity of the GeV flare and the absence of counterparts at other wavelengths, a model
was proposed [22] in which the TeV and X-ray emission is generated by the strongly
accelerated electrons of the pulsar wind (IC and synchrotron emission correspondingly).
The GeV emission in this model is a result of the IC emission of the unshocked and weakly
shocked electrons, with a possible addition of bremsstrahlung emission on the clumps
of the stellar wind material which penetrated beyond the shock cone. The unshocked
electrons of the pulsar wind in this model are quasi-monochromatic, with energies of
about 1 GeV. The luminosity of the GeV flares within this model can be understood if it is
assumed that the initially isotropic pulsar wind after the shock is reversed and confined
within a cone looking, during the flare, in the direction of the observer.

In order to test this model, we organised an intensive multi-wavelength campaign to
follow the 2021 periastron passage of PSR B1259-63, which happened on MJD 59254.87/9
February 2021, in radio (ATCA), optical (SALT) and X-rays (Swift/XRT). Below we present
the first results of this campaign, including the analysis of the GeV data as seen by the
Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Mission. In Section 2 of
this paper, we describe the details of the observations and data analysis, in Section 3, we
present our results, and we give our conclusions in Section 4.

2. Data Analysis
2.1. Radio Data

The Australia Telescope Compact Array (ATCA) was used to obtain the radio light
curve of PSR B1259-63 from 19 February 2021 to 13 May 2021. The ATCA is a radio
interferometer with six 22-m antennas providing a maximum baseline of 6 km, located in
Narrabri, NSW, Australia. The observations of PSR B1259-63 were conducted in the 4-cm
band using the Compact Array Broadband Backend (CABB) with centre frequencies of
5.5 GHz and 9 GHz, each with 2 GHz of bandwidth and 1 MHz frequency channels [23].
CABB was configured in a mode that allowed us to record the radio continuum and
pulsar-binning data.
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We observed PSR B1259-63 for 3 h approximately every 2 days (as allowed by the
telescope schedule) across the above time period. The ATCA primary calibrator B1934-
638 was observed for at least 10 min during each observation. We observed a secondary
calibrator, J1322-6532, for 2 min for every 20 min on the target (i.e., PSR B1259-63). Here
we report on the continuum data analysis at 5.5 GHz only. Later work will include a
full analysis of the data at both centre frequencies, providing information on the spectral,
polarization and Faraday rotation measure behavior of both the continuum emission and
the pulsed emission.

The Miriad software was used for the data calibration and analysis, following standard
routines [24]. The bandpass calibration and the absolute flux density calibration were done
using B1934-638. The bandpass calibration was copied to the secondary (phase) calibrator,
J1322-6532, which has an angular separation of 2.7 deg from the target. The J1322-6532
data were then used to calibrate the frequency-dependent complex gains and their time
variations, as well as the instrumental polarization. Before copying these solutions to
the target, the flux density of J1322-6532 was scaled to that of B1934-638. Flagging of
radio frequency interference (RFI) and time-ranges with poor data quality was done in
an iterative manner during the above process. The calibration routines described above
were then repeated to obtain the final calibrated visibility data. Since the target is a point
source at the phase centre, the 5.5 GHz flux density values were obtained using the mean
visibility value reported by the Miriad task UVFLUX, with the uncertainty in this value
obtained by dividing the quoted rms scatter in the visibilities by the square root of the
number of correlations.

2.2. Optical Data

Spectroscopic observations were undertaken around periastron using the Southern
African Large Telescope (SALT), with both the RSS and HRS spectrographs [25–27]. Be-
tween 22 days before, to 80 days after periastron, the source was observed 28 times with
the RSS using the pg0900 and pg2300 grating, and 10 times with the HRS in Medium
Resolution mode (R = 40,000). The RSS data was pre-reduced using the SALT pipeline,
and flat correction, wavelength calibration and spectral extraction were performed using
NUMPY/SCIPY/ASTROPY. The HRS observations were reduced using the pipeline pre-
sented in [28]. Individual spectra taken on the same night were averaged, continuum
corrected and barycentric corrected. We report here on the change in the equivalent width
of the H α line, and future publications will present a more detailed analysis of the optical
behavior. The equivalent width for each observation was measured multiple times, ran-
domly shifting the wavelength range by ±4 Å, and the median and standard deviation
of the measurements obtained are reported as the value and uncertainty. The choice of
continuum correction of the observations can introduce additional systematic offsets and
we ensured that the continuum correction used results in the equivalent width measured
with the RSS and HRS on 28 January 2021 (≈12 days before periastron) having, within error,
the value. The H α equivalent width is shown in the lower panel of Figure 1.
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Figure 1. Evolution of PSR B1259-63 flux over the different periastron passages. Dashed lines corre-
spond to the periastron and to the moments of disappearance (first non-detection) and reappearance
(first detection) of the pulsed emission, as observed in 2010 [17]. Dotted lines correspond to the first
appearance of the detection in GeV band at a day time scale in 2010 and 2021. (a) Fermi/LAT flux mea-
surements in the E > 100 MeV energy range with a weekly bin size. Flux is given in 10−6 cm−2 s−1.
(b) absorbed 1–10 keV X-ray flux in units of 10−11 erg cm−2 s−1. Scaled 5.5-GHz radio data from
2021 are also shown in this panel with a gold dashed line for comparison. (c) radio flux densities in
mJy. Radio data for the years 1997, 2000 and 2004 are taken from [12]. Radio data from 2010 are taken
from [17] and are normalized by a factor 0.75. Please note that data from different years are taken at
different frequencies. (d) H α equivalent width. Data from 2011 are taken from [20], and 2014 and
2017 data are taken from [22].

2.3. X-ray Data
2.3.1. Swift/XRT

A full overview of the X-ray flux for the SWIFT observations around the years 2014,
2017 and 2021 are presented in the panel (b) of Figure 1. Historical data in this figure are
taken from [22]. The 2021 periastron passage of PSR B1259-63 was closely monitored by the
Swift satellite [29]. We have analyzed all available data taken from 19 January 2021 to 24 May
2021. The data was reprocessed and analysed as suggested by the Swift/XRT team1 with
the xrtpipeline v.0.13.5 and heasoft v.6.28 software package. The spectral analysis
of Swift/XRT spectra was performed with XSPEC v.12.11.1. The spectrum was extracted
from a circle of radius 36′′ around the position of PSR B1259-63, and the background
estimated from a co-centred annulus with inner/outer radii of 60′′/300′′. We performed the



Universe 2021, 7, 242 5 of 11

fit of the spectrum, grouped to have at least 1 photon per energy bin using cash statistic [30]
by an absorbed powerlaw model (cflux*tbabs*po) in 0.3–10 keV range. The flux of the
source, hydrogen column density and the slope of the powerlaw were treated as free
parameters during the fit. The uncertainties of Swift/XRT flux shown in Figure 1 are 1σ c.r.

2.3.2. NICER

About 35 days after the periastron passage, the NICER instrument [31] started to
monitor PSR B1259-63’s evolution. The NICER data was reduced using the NICERDAS
software version 2020-04-23_V007a with default filtering criteria applied. The background
was estimated using the NICER tool NIBACKGEN3C502 (Remillard et al., in prep.) with
the default parameters. The spectra obtained for each observation were binned to have
at least 1 count per energy bin, and cash statistic [30,32]3 was applied while fitting the
data in the 0.5–10 keV energy range. The relatively high background level (around 20–30%
of the total count rate detected from PSR B1259-63) did not allow us to determine the
spectral photon index reliably, which is strongly affected by the quality of the background
subtraction. Therefore, in order to estimate flux from the source we fixed the photon index
at an averaged value of 1.5, obtained from the Swift/XRT data.

2.4. Gamma-Ray Data

The analysis of Fermi/LAT data was performed using Fermitools version 2.0.8 (released
20 January 2021). For the analysis of the 2021 periastron passage and the combined
periastron data, the analysis was carried out using the latest Pass 8 reprocessed data (P8R3)
from the CLEAN event class. The binned likelihood analysis was performed for photons
within the energy range 0.1–100 GeV that arrived between 1 January 2021 and 6 June 2021
within a 20◦-radius region around PSR B1259-63’s position. The selected maximum zenith
angle was 90◦. The performed analysis relies on the fitting of the spectral and spatial model
of the region to the observed data in a series of energy and time bins.

The adapted model of the region included templates for the Galactic and isotropic
diffuse emission components provided by Fermi/LAT collaboration, as well as all sources
from the latest 4FGL-DR2 Fermi/LAT catalogue [33], with the spectral templates selected
according to the catalogue. At the initial stage of the analysis we assumed all spectral
parameters of sources within 15◦ around PSR B1259-63 to be free parameters and fixed
all spectral parameters of sources between 15◦ and 20◦ to their catalogue values. We
performed the fitting of the described model to the whole available data-set. For the
subsequent analysis, we fixed all (except normalisations) free spectral parameters to their
best-fit values, and removed all of the weak sources detected with test-statistics TS < 1
from the model.

At the next step of the analysis, we split the 0.1–10 GeV data over a series of 1-day
and 1-week bins aiming to produce the light curve of PSR B1259-63 in the corresponding
energy band, see Figure 2, left panel. All upper limits presented were calculated using the
IntegralUpperLimits module included in fermitools for TS < 4 cases and correspond to a
95% confidence level.

The obtained light curve suggests the enhancement of the GeV emission during
55–108 days (MJD 59310–59363) after the periastron. Below we refer to this period as
“Fermi/LAT flare” during the 2021 periastron passage. To study the potential spectral-shape
variability of the source during different periods of the 2021 periastron passage, we built
the spectrum of PSR B1259-63 for the periods (−20; 0), (0;+20) days around the periastron,
as well as during the Fermi/LAT flare period. Resulting spectra are shown in Figure 3.
The best-fit spectral parameters in Fermi/LAT band as well as the suggested for the fit model
are summarized in Table 1.
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Figure 2. (Left) Fermi/LAT weekly (green points) and daily (magenta upper limits and red points–
detection’s with TS > 4) light curves of PSR B1259-63 at energies 0.1–10 GeV. The dotted line
represents the flux corresponding to spin-down luminosity of PSR B1259-63 (Lsd = 8.2× 1035 erg/s).
(Right) Blue points and cyan upper limits: Fermi/LAT light curve at >0.1 GeV range for the period
MJD 59310–59363 ((+55; +108) days after the periastron) with adaptive time binning (to have 9 photons
per time bin in 1◦ radius circle around PSR B1259-63 position at 0.1–10 GeV). The light curve covers
the period of the highest flux of the source in the GeV band. Red points correspond to a daily light
curve, same as in the left panel. See text for the details.

For the period of the 2021 Fermi/LAT flare we performed dedicated studies for a short
timescale (�1 day) variability aiming to identify bright sub-flares known to be present
during the 2017 periastron passage. We split the whole time range of Fermi/LAT flare over
a set of variable-length time bins, such that each time bin accommodates 9 photons with
energies 0.1–10 GeV in 1◦-radius circle around PSR B1259-63 position. The resulted time
bins have durations from 5 min to 2.8 days with an average duration of ∼6 h. For each
of the time bins we extracted the flux of PSR B1259-63 in a way similar to one which was
used for daily/weekly GeV light curve production. To produce short timescale light curve
we explicitly set the spectral model of PSR B1259-63 to be a (super-exponential)cutoff
powerlaw with the indexes and cutoff energy fixed to their best-fit values observed during
Fermi/LAT 2021 flare, see Table 1. The obtained light curve is shown in Figure 2, right panel.
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Figure 3. (Left) Fermi/LAT spectra of PSR B1259-63 as seen at (−20–0) days before the periastron
2021 (blue points) and (0–+20) days after the periastron 2021 (red points). Shaded regions of the
corresponding color illustrate 1σ confidence range for the fitted models. (Right) Fermi/LAT spectrum
of the period characterized by the highest flux in >0.1 GeV band during 2021 periastron passage
(+55–+108 days after the periastron), see Table 1 for the best-fit parameters’ values.
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Table 1. The best-fit parameters of the models (PL–power law or SECPL–super-exponential cutoff power law with exponent
index β) used to fit Fermi/LAT data during different periods of the 2021 periastron passage in 0.08–2 GeV energy band. See
text and Figure 3 for the details.

Period Model Norm at 1 GeV Index Cutoff
β TS

Days 10−9 ph/cm2/s GeV

(−20; 0) PL 0.6± 0.3 2 (fixed) – – 7
(0;+20) SECPL 0.5± 0.2 1.1± 0.2 0.18± 0.03 1(fixed) 48

(+55;+108) SECPL 0.31± 0.002 1.97± 0.01 0.38± 0.01 0.96± 0.01 1373
(−40;+116) PL (1.47± 0.01)× 10−2 2.70± 0.01 – – 600

3. Results and Discussion

The 2021 periastron passage of PSR B1259-63 is marked by very unusual behaviour
both in X-rays and the GeV band. While the rise of the X-ray emission during the first and
second disk crossing is similar to that observed during previous periastron passages, the
heights of these two peaks are substantially smaller (see panel (b) of Figure 1). We note that
the observations of PSR B1259-63 in 2021 allow usto estimate the characteristic rise time
of the X-ray emission during these episodes to be as short as ∼1 day, which indicates that
the Be star’s disk is characterized by high-density gradients. Most interestingly, the 2021
X-ray light curve shows a third peak, which starts to rise ≈30 days after periastron. This
rise occurs at approximately the same time as the GeV flare in 2010 and 2014. Such X-
ray behavior was never observed during previous periastra passages and has no clear
counterparts at any other wavelengths.

The 2021 radio observations demonstrate a strong correlation with the second X-ray
peak during the period between 10 and 28 days after the periastron. To better illustrate
this point, we plot the re-scaled radio data on panel (b) of Figure 1 (dashed line). With the
rise of the third X-ray peak this correlation disappears. At the same time, the 2021 radio
observations seem to be consistent with previous observations at 4.8 GHz [11,12].

The GeV emission in 2021 is marked by a large delay in the rise of the flux. At early
phases (−20 to 0 and 0 to +20 days from periastron) the spectral characteristics of PSR B1259-
63 in the GeV band are consistent with the average values in 2011-2017 reported in [22], see
Figure 3. However, contrary to previous passages, up to 55 days after periastron, the flux
(>0.1 GeV) remained at a level of (0.2− 0.4)× 10−6 ph/cm2/s, which is consistent with
the flux observed before the periastron passage.

The period of 55–108 days after the periastron was marked by a rise of the GeV flux up
to the level ∼2 × 10−6 ph/cm2/s on weekly timescales comparable to the values observed
during the flare period in 2010 and 2017, and twice as high as than in 2014 (see top panel
of Figure 1). Similar to previous periastron passages [22], the GeV spectrum during this
period was well described by a super-exponential cut-off power-law model (see Table 1
and the right panel of Figure 3). After this period the Fermi/LAT light curve is characterized
by a gradual decay of the flux.

Regular observations using SALT during 2021 provided the most frequent observa-
tions yet obtained, from 22 days before to 80 days after periastron. Given the marked
difference of X-ray and GeV behavior of the source during periastron 2021, the optical
observations were, remarkably, very closely aligned with previous observations. A compar-
ison to the behavior in 2014 shows a slightly weaker equivalent width during 2021. There
does appear to be a slightly lower equivalent width around 30–50 days after periastron,
compared to the 2014 periastron when the GeV gamma-ray flux was higher (although
the uncertainties in the 2014 observations over this period are larger). While the peak in
the GeV activity occurs after 80 days after periastron, the equivalent width showed no
dramatic change following the onset of increased GeV activity, 50 days after periastron,
despite the large difference in the GeV gamma-ray activity compared to previous periastra.
The decrease in the equivalent width from 40 days after periastron onward, appears to be
consistent with that observed in 2010 and 2014, when the GeV gamma-ray activity was
decreasing. This indicates the limits in using the H α to directly trace the GeV behavior as



Universe 2021, 7, 242 8 of 11

suggested by [21,34]. The increased gamma-ray activity has occurred much later during
2021, at a larger binary separation (2.6 AU, 4 AU, and 5 AU at 30 days, 55 days and 80 days
after periastron, respectively) and the region of the circumstellar disk producing the H α
emission may be far less affected during this periastron. Future observations at at longer
wavelengths (infrared to millimeter) may be able to trace the disk’s behavior at later orbital
phases (see e.g., [35,36] and references therein).

Following the model proposed by [22] we suggest that the X-ray, GeV and TeV
emission is generated within the “emission cone” formed by the interaction of the pulsar/Be
star outflows. Be stars are well known to have highly variable outflows, sometimes even
switching to a disc-less state, see reviews in [37,38]

The lower peak X-ray flux during the disk crossings, as well as the slightly lower
H α equivalent width, may indicate that the Be star’s circumstellar disk was less dense in
2021, which results in the stand-off shock being further from the pulsar and, consequently,
a weaker magnetic field in the emission region. The sparser state of the Be star disk
during 2021 periastron passage, along with likely a less dense polar outflow, results in a
much larger opening angle of the emission cone than what was observed during previous
periastron passages.

The third peak of the X-ray emission can be interpreted as originating from the
presence of a large number of clumps above/below the disk (see right panel of Figure 4).
Such clumps can substantially modify the smooth flow of the strongly shocked relativistic
electrons along the emission cone’s surface. This effectively increases their escape time
from the system and leads to the enhanced level of X-ray emission. The GeV emission in
the model of [22] is connected to the emission from the unshocked electrons of the pulsar
wind. These electrons propagate mainly in the inner regions of the emission cone and are
thus not significantly affected by the presence of clumps.

Observer
Observer

Figure 4. Schematic sketch of the 2017 (left) and 2021 (right) periastron passages. The positions of
the star and the pulsar are shown with red and black circles, respectively. The equatorial stellar disk
is depicted by the yellow shaded regions. The orange shaded regions and the orange circles depict
the polar outflow and the clumps in the Be star’s disk, respectively. The cyan regions correspond
to the unshocked electrons of the pulsar wind. The blue region corresponds to the border of the
emission cone along which strongly/weakly shocked electrons of the pulsar wind are leaving the
system (see text for more details). All lengths in the figure are not to scale.

The peak level of the GeV emission in the discussed model is inversely proportional to
the cone opening angle, which naturally explains the relatively low average flux level seen
by Fermi/LAT, see Figure 2 (right panel) at shortest time scales. While at 1 day time scale
the highest observed GeV flux at a level of 5× 10−6 ph/cm2/s is comparable to the level of
similar flares seen after the 2017 periastron, we would like to note the substantial difference
of the flux variability on intra-day timescales during the 2021 and 2017 passages. In 2017,
PSR B1259-63 demonstrated variability on much shorter (15 min–3 h) timescales, with the
flux exceeding the 1 day average by a factor up to 30 for 15 min flares [15]. During the
current periastron passage, the source also showed a number of outbursts on a short time
scale (5 min–3 h), with a flux ∼18 × 10−6 ph/cm2/s, see Figure 2. Although such outbursts
require the luminosity of the source to be at a level of 4.6× 1036 erg/s which exceeds the
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spin-down luminosity (assuming Lsd = 8.2× 1035 erg/s) of PSR B1259-63 by a factor of
∼5–6, this factor is significantly smaller than the factor of ∼30 required to explain the
short-term variability of PSR B1259-63 seen in 2017. We therefore argue that the observed
short timescale variability, within the model of [22], is consistent with a large (∼π) opening
angle of the emission cone.

The 1 day GeV-band light curve shown in the Figure 2 additionally indicates flux
variability on 0.5–2 days timescales. The observed variability of GeV emission at short (few
minutes–few days) time scales in the model of [22] can be explained by bremsstrahlung
emission from the clumps of the Be star wind entering the emission cone. In this case,
the variability timescale corresponds either to the characteristic size of a clump (e.g., short-
est time scales) or to the lifetime of smaller clumps in the system (e.g., longest time scales).

In addition to the rapid flares caused by bremsstrahlung, some level of slowly time-
varying GeV emission can originate from IC emission of weakly shocked electrons of the
pulsar wind. A similar origin was proposed by [22] to explain the average GeV flare during
the 2017 passage.

4. Conclusions

In this paper, we present the first results from intensive multi-wavelength observations
of the 2021 periastron passage of PSR B1259-63. This periastron was marked by a number
of unique features, namely:

• A lower X-ray flux during the periods of pre- and post-periastron disk crossings.
• The presence of a third X-ray flux peak starting about 30 days after the periastron.
• A correlation between the X-ray and radio fluxes during the second X-ray peak, and an

absence of such a correlation with the third rise of the X-ray flux.
• A substantial delay in the rise of the GeV emission, which started only 55 days after

the periastron.
• A surprising similarity in the variability of the Hα equivalent width compared to

previous periastra passages.

We argue that the observed properties can be explained within the model of [22] under
the assumption that the outer parts of the Be star’s disk are characterized by lower densities
(in comparison to previous periastron passages). We encourage IR observations of this
system during the next periastron passages, as the state of the outer parts of the disk is
poorly traced by the Hα line variability.

A more detailed analysis of the multi-wavelength data from this periastron passage is
currently ongoing and will be the subject of an upcoming publication.
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1 https://swift.gsfc.nasa.gov/analysis/xrt_swguide_v1_2.pdf (accessed on 12 July 2021).
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