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Abstract

The accreting millisecond pulsar SAX J1808.4-3658 went into outburst from July to November in 2019 and
August to October in 2022, which were observed by the Neutron Star Interior Composition Explorer (NICER) and
Nuclear Spectroscopic Telescope Array (NuSTAR). In this paper, we first present the light curve for both
outbursts using NICER data. Several thermonuclear bursts occurred during these outbursts. We analyze the
evolution of the spectra of two thermonuclear bursts that took place during the 2019 NuSTAR observation. We
proceed by analyzing the combined broadband spectrum using NICER and NuSTAR for the first time for this
source. We jointly modeled the combined quiescent spectra of both outbursts with a self-consistent reflection
component. In our best-fit model, we find evidence of reflection, consistently constrain the inclination to 72°+5
considering this reflection, and identify a 1keV feature during persistent emission.

Unified Astronomy Thesaurus concepts: Low-mass x-ray binary stars (939); Millisecond pulsars (1062);

Astronomy data analysis (1858); X-ray bursts (1814)

1. Introduction

The accreting millisecond pulsar SAX J1808.4-3658 (here-
after SAX J1808) was the first of its kind to be detected
(R. Wijnands & M. van der Klis 1998). This neutron star exists
alongside a brown dwarf companion (M, 0.05M.) in a low-
mass X-ray binary (LMXB) and engages in outbursts frequently,
every 24 yr (L. Bildsten & D. Chakrabarty 2001; P. Bult et al.
2019). Outbursts have been detected by the Rossi X-Ray Timing
Explorer, the Chandra X-Ray Observatory, Suzaku, XMM-
Newton, the Nuclear Spectroscopic Telescope Array (NuS-
TAR), and the Neutron Star Interior Composition Explorer
(NICER) and occurred in 1998, 2002, 2005, 2008, 2011, 2015,
2019, and 2022 (J. J. M. in ’t Zand et al. 1998; C. B. Markwardt
et al. 2002; M. P. Rupen et al. 2005; C. B. Markwardt &
J. H. Swank 2008; D. Altamirano et al. 2011; A. Sanna et al.
2015). This source is well studied and is known to have a
spin frequency of 401 Hz and an orbital period of 2.1 hr
(D. Chakrabarty & E. H. Morgan 1998; R. Wijnands & M. van
der Klis 1998). This source has been classified as an atoll source
with a distance of 3.5kpc (S. van Straaten et al. 2004;
D. K. Galloway et al. 2008). This source does not behave like a
usual atoll source, primarily inhabiting the island (hard) state,
rarely shifting into the extreme island (hardest) and lower-left
banana (soft) states (P. Bult & M. van der Klis 2015).
A. J. Goodwin et al. (2019) used a new burst mechanism
model alongside Multi-INstrument Burst ARchive data to infer a
neutron star mass of 0.9-1.9 M, and a 10.0-13.1 km radius.

The increased luminosity from X-ray outbursts allows us to
observe and study SAX J1808 in more detail. During
outbursts, the hot corona emits X-rays that illuminate the
accretion disk below (A. C. Fabian et al. 2000). For pulsars,
this accretion disk is most likely truncated by a few
gravitational radii from the stellar surface due to the
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magnetosphere (M. M. Romanova & S. P. Owocki 2015).
Much of the power-law component escapes directly from the
corona, while some of its photons illuminate the disk near the
inner boundary. This results in reflection features in the
spectra, such as the Fe K emission line and a hard X-ray
hump near 20-40keV (A. C. Fabian et al. 2000). The hard
hump is caused by both photoelectric absorption of low-energy
photons and Compton downscattering of high-energy photons.
The Fe K emission line is an intrinsically narrow line, with
two components at 6.404 and 6.391 keV for neutral iron. The
ionization state of iron can shift this emission line as high as
6.97keV (A. C. Fabian et al. 2000; D. E. Osterbrock &
G. J. Ferland 2006). Due to gravitational effects from the
proximity to the compact object, these emission lines are
usually broadened and skewed by both the Doppler effect and
gravitational redshift (A. C. Fabian et al. 2000).

While the reflection phenomenon was originally identified
in active galactic nuclei, the Fe K emission line has been
identified in neutron stars in LMXBs (N. E. White et al. 1986).
For SAX J1808, this feature was first detected in the 2008
outburst (A. Papitto et al. 2009). T. Di Salvo et al. (2019)
analyzed the NuSTAR and XMM-Newton observation of this
source’s 2015 outburst and identified both the Fe K emission
line and the Compton hump, along with the presence of three
additional emission lines in the 25 keV range of the XMM-
Newton data. P. Bult et al. (2019) analyzed one NICER
observation from the 2019 outburst, which captured a
particularly bright thermonuclear burst. Their analysis identi-
fied the 6.7keV Fe K emission line and a 1.0keV emission
feature. This 1 keV emission feature, which is well known to
exist in X-ray binaries, could be a blend of emission lines,
some arising from the reflection Fe L complex (R. M. Ludlam
et al. 2018; P. Chakraborty et al. 2024).

In addition to the outbursts, SAX J1808 also frequently
engages in thermonuclear (type-I) X-ray bursts (D. K. Galloway
& A. Cumming 2006; P. Bult et al. 2019). Accreted mass builds
up on the surface, raising pressure and temperature. This causes
unstable nuclear burning of pure helium, eventually igniting a
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Figure 1. Top panel: light curves created using NICER data. Binned by second to illustrate any short bursts occurring. Bottom panel: hardness ratio of (6-12 keV)/
(0.3-6 keV). B19: P. Bult et al. (2019). S23: R. Sharma et al. (2023). C23: S. Casten et al. (2023). Note: NuSTAR and XMM-Newton rates converted to NICER rates

using WebPIMMS.

thermonuclear eruption lasting until the accreted material is
burned (D. K. Galloway et al. 2008). The characteristic cycle for
these bursts is a fast rise and exponential decay (W. Chen et al.
1997). These bursts last on the order of seconds, and recurrence
depends on mass accretion rate, usually on the order of hours. In
some cases, enough energy is released to reach and exceed the
Eddington limit, causing the atmosphere to expand due to
radiation pressure (E. Kuulkers et al. 2003). SAX J1808 is
known to exhibit this so-called photospheric radius expansion
(D. K. Galloway et al. 2008). J. Speicher et al. (2022) recently
concluded that type-I bursts and changes in disk geometry can
affect the strength of the emission lines that make up the soft
excess, which may explain the variation in strength and centroid
of the 1keV feature.

With the impact of the thermonuclear bursts on the soft
excess and observed 1keV line features uncertain, we study
the recent quasi-simultaneous NICER and NuSTAR observa-
tions with the hope of understanding spectral decomposition
better. In particular, we aim to investigate potential thermo-
nuclear bursts in these recent observations and confirm that the
1 keV emission feature can be explained in part by reflection
from the disk during nonburst emission.

Our paper is structured as follows: In Section 2, we describe
the creation of the NICER and NuSTAR light curves and
spectra. Section 3.1 places the observations in the context of
the long-term light curves and details the identification of two
thermonuclear bursts in the 2019 NuSTAR observation. The
modeling of their time-resolved burst spectra is described in
Section 3.2. Finally, in Section 3.3, we present our modeling
and analysis of the broadband spectra using combined NICER
and NuSTAR spectral data. The findings are then discussed in
Section 4.

2. Observations and Data Reduction

Our focus in this paper is the 2019 and 2022 outbursts. During
these outbursts, SAX J1808 was observed with NuSTAR on
2019 August 10 for 41 ks (ObsID: 90501335002) and on 2022
August 22 for a length of 107 ks (ObsID: 80701312002). The
data were processed using the standard pipeline of NuSTARDAS
v2.1.4, specifically using the tasks nupipeline and

nuproducts (F. A. Harrison et al. 2013). After initially
cleaning the event file, we created the source and background
regions and extracted the spectra and light curves. For both
observations, the source region was selected to be a circular
region with 120 radius, and the background region was selected
to be a circular region with 170 radius, far from the source
region. The resulting spectra of both focal plane modules A and
B were modeled simultaneously alongside the NICER spectra
(see next section) in the energy range 3.0-60.0keV, where the
upper limit is selected to be where the source spectrum crossed
the background.

NICER captured 63 usable exposure observations between
2019 July 30 and 2019 November 8 and 53 observations
between 2022 August 19 and 2022 October 31. Each of these
observations was processed using the HeaSOFT v6.34
NICERDAS v13 software, using the standard processing
pipeline nicerl3-1c to extract light curves with a bin size
of 1.0s (J. K. Blackburn 1995). For the spectral analysis, the
NICER observations taken closest to NuSTAR were captured
on 2019 August 10, lasting for 5.4 ks (Obsld:2584010103),
and on 2022 August 23, for 10.6 ks (Obsld:5050260105).
These data were processed using nicer13-spect to extract
the relevant spectral data and account for the systematic error
of 1.5%. The background for NICER has been estimated using
the SCORPEON v23* background model. The spectral energy
range used for NICER was 0.7-10.0keV, with the lower limit
chosen to eliminate the low-energy noise occurring in data
taken during orbit day. All spectra were binned to a minimum
of 20 counts per bin for modeling.

3. Analysis and Results
3.1. Light Curve

Figure 1 shows the NICER one second light curves of SAX
J1808 during its 2019 (left panel) and 2022 (right panel)
outbursts. The hardness ratio shown in the bottom panel is
chosen to be (6-12 keV)/(0.3-6 keV). From the 2019 light
curves, we learn that the system reached a maximum observed

4 https: / /heasarc.gsfc.nasa.gov /docs /nicer/analysis_threads/scorpeon-
xspec/
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count rate of 33661 ct s~' on 2019 August 21 (ObsID:
2584010501). This observation, which coincides with an X-ray
burst, was analyzed in P. Bult et al. (2019). This observation
and other studies of this outburst by R. Sharma et al. (2023)
and S. Casten et al. (2023) have also been marked in
Figure 1(a). At least 11 other bursts have been identified
during this outburst The NuSTAR observation averaged a rate
of 15 cts™ durmg its observation and, using the HEASARC
WebPIMMS tool,” the NICER count rate for this observation
is approximately 366 ct s~ '. Shown in Figure 1(b), the 73 day
light curve of the 2022 outburst reaches a maximum observed
rate of 5775 ct s~ ! on 2022 August 30 (ObsID:5574010108).
About 8 bursts occurred during this outburst. The NuSTAR
observation had an average rate of 17 ct s~!, and the
WebPIMMS tool estimated the eorrespondlng NICER count
rate to be approximately 456 ct s . For the XMM-Newton
observatmn the EPIC/pn detector measured an average rate of
66 ct s~', and the webPIMMS tool estimated a NICER rate of
98 ct s_'. Both NuSTAR observations were taken right before
the peak of the outburst. While the 2019 outburst has the
brighter thermonuclear burst, the NuSTAR observation and its
corresponding NICER observation are brighter in 2022 than
in 2019.

Analysis of the 2019 NuSTAR observation reveals that two
thermonuclear bursts occurred. The first started 32,280 s into
the observation, and the second began 72,010s into the
observation, occurring approximately 11 hr apart.

3.2. Thermonuclear Bursts

The light curves of the two thermonuclear bursts showed the
typical fast-rise exponential-decay burst behavior. To further
explore the nature of these bursts, they were split into 4-10s
intervals to best bin the data with a signal-to-noise ratio of 3
and to study the evolution of the spectra throughout the burst.
The four intervals represent one rise, one peak, and two
decline sections. The energy range used for the NuSTAR
spectra of each interval began at the soft cutoff at 3.0 keV and
ended when the signal crossed the background, ranging
between 8.0 and 15.0keV. During a thermonuclear burst, the
X-ray spectrum has been observed to be dominated by a
blackbody component due to the eruption occurring on the
star’s surface. Each spectrum was therefore modeled in
XSPEC v12.14.1 with absorption and a blackbody component,
with the hydrogen absorption column, interstellar oxygen
abundance, and interstellar iron abundance frozen to the best-

fit values of 0.23 x 10> cm™2, 1.6 1083 solar units, and
1.4 fg:gg solar units from the analy515 of the quiescent

spectrum, respectively (see Section 3.3). Such a model
describes the spectrum well, and we found no evidence of
other eomponents in any time interval. Each model resulted in
a reduced Y of 1.00-1.36. Residuals from each burst and
spectra are shown in the Appendix. No other features or
systematic errors were detected. The errors were determined at
90% from a Markov Chain Monte Carlo (MCMC) with a chain
length of 1 x 10%, 10 walkers, and a burn length of 50.

The temporal evolution of the unabsorbed flux and black-
body temperature is visualized in Figure 2. The best-fit
parameters are shown in Table 1. We observe changes in both
blackbody temperature, blackbody radius, and unabsorbed flux
through the evolution of the burst. The evolution of the

3 https: / /heasarc.gsfc.nasa.gov /cgi-bin /Tools/w3pimms /w3pimms_pro.pl
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temperature and flux behaves as expected, rising quickly,
peaking, and declining exponentially. This trend is much
clearer in the first burst, being the brighter of the two. The
measured blackbody radius is largest around the time of the
peak flux or shortly thereafter in both bursts, then it shrinks
again as the flux declines.

3.3. Broadband Spectral Analysis

After modeling the spectral evolution throughout the burst
in the last section, this section focuses on the modeling of the
broadband spectra outside of the bursts. Our modeling was
done in XSPEC v12.14.1 and PyXspec v2.1.4 (K. A. Arnaud
1996). Both NuSTAR’s FPMA and FPMB were modeled
alongside the NICER data. Each outburst was initially
modeled with photoelectric absorption (TBFEO), a blackbody
(BBODYRAD), and a thermally Comptonized continuum
(NTHCOMP; A. A. Zdziarski et al. 1996; P. T. Zycki et al.
1999; J. Wilms et al. 2000). A. J. Goodwin et al. (2020) report
a disk temperature of 1-2 eV at the onset of X-ray detection on
August 6 in 2019. Considering the 2022 outburst was taken at
a similar point during the outburst, it is reasonable to assume
the disk is also too soft in 2022 to be properly modeled. In
each model, the photoelectric absorption and the interstellar
oxygen and iron abundances were free to vary, rather than
being frozen to a previously reported value. Both displayed a
significantly improved result with the inclusion of a blackbody
component. Emission line residuals still appeared near 1 and
6.5keV and a broad hump around 20-40keV. The result
further improved with the inclusion of a Gaussian line and the
self-consistent reflection model relxillCp (J. Garcia et al.
2014). The Cp flavor of the relxill family uses a thermally
Comptonized primary continuum and a broken power law for
the disk emissivity and fixes the seed photon temperature to
0.01 keV. For these models, the disk emissivity was treated as
a power-law function of the radius with the index left free to
vary. The outer radius of the disk was set to 1000 gravitational
radii and frozen. The spin was estimated to 0.3 using the spin
frequency of 401 Hz (D. K. Galloway et al. 2008).

For the 2019 spectrum the model results in an absorption of
~0.2413% % 1022 cm ™2, while it gives 0.1709; x 1022 ¢cm 2
for the 2022 spectrum. The Gaussian ermssmn line was found
at 0.88 T2 keV in 2019 and at 0.98 *097 keV in 2022. In the
best-fit for the 2022 model, we obtain an inclination of 77°+ +3

and an inner disk radius of 14 T}2GM/c2. The 2019 model
settled on a lower inclination and higher inner disk radius,
72°+0. and 16 T{°GM /c?, respectively.

The large difference in the inclination between years led us
to believe one or both of these results are incorrect and
motivated us to model the spectra from both outbursts
together. Our combined analysis of the 2019 and 2022
outbursts allows us to force self-consistency on static
parameters, specifically inclination. All other parameters may
differ between years and were left free to vary. This was
accomplished using the Tempest High Performance Comput-
ing System at Montana State University. These best-fit
parameters are shown in Table 2. The spectra for these best-
fit parameters are shown in Figure 3. The middle panel
excludes the Gaussian line and reflection components. The
relative strengths of each component in the best-fit model are
shown in Figure 4. All spectra were modeled, and errors were
found using an MCMC with 400 walkers, a 3 x 10° chain
length, and a 4 x 10* burn length. Errors are reported at a 90%
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Figure 2. Temperature and flux throughout the thermonuclear bursts occurring in the 2019 NuSTAR observation. Data were modeled with photoelectric absorption
(including interstellar oxygen and iron abundance) and blackbody components. Bursts display the commonly found fast-rise exponential-decay burst profile.

Table 1
Best-fit Parameters for the Two Thermonuclear Bursts Occurring in the 2019
NuSTAR Observation

Table 2
Best-fit Parameters for the Combined Broadband Spectral Analysis of the
2019 and 2022 Outbursts of SAX J1808 Using NICER and NuSTAR

Blackbody Blackbody
Section Temp Radius Flux */dof
(*107 % ergs
(keV) (km) cm 2 s
Rise 1.2 ¥4 1.8 104 4.0 *52 23/18
Peak 1.9 0% 3.5403 118 *3 265,227
Decline 1 1.3 ¥ 7403 115 #} 230/231
Decline 2 1.0 *J5 62408 222 +06 91/79
Rise 1.51 +D1¢ 1.1 +97 3.2 £ 29/17
Peak 1.52 £002 2.7402 25.4 7 111/104
Decline 1 1.11 019 3.7408 10.5 *§2 53/45
Decline 2 1.2 012 22401 49 *01 24/22

Note. The blackbody radius was calculated using a distance of 3.5 kpc
(D. K. Galloway et al. 2008). Top: first burst, beginning at fo— 32,280 s.
Bottom: second burst, beginning at fp = 72,010 s

confidence interval. For the 2019 model, the > decreased by
600 with —9 degrees of freedom with the inclusion of the
reflection and Gaussian components. The Xz in 2022 decreased
by 570 with —9 degrees of freedom with the inclusion of the
reflection and Gaussian components.

The Gaussian emission line near 1 keV is detected in both
outbursts but is found at 0.90 *J03 keV in 2019 and at
0.99 X0 keV in 2022. Many parameters, such as emissivity
index, I', and blackbody temperature, agree fairly well
between outbursts and fall into accepted ranges. For both
years, the inner radii settled to values on the larger side of what
is considered acceptable but were not well constrained by the
models. The inclination between 68° and 73°agrees with
previous studies, which identify this system as having a high
inclination (see T. Di Salvo et al. 2019 for further discussions).

4. Discussion

In this paper, we created light curves using NICER
observations of SAX J1808 in 2019 and 2022 and found several
thermonuclear bursts in these observations. We also identified

Component  Parameter 2019 2022
tbfeo Ny (*102 cm™?) 0.230 0.173
+0.039 +0.0224
Zo0322 ~0.0208

tbfeo 0 157 3057 1341535

tbfeo Fe 1.36 *831 3.03 189

bbodyrad KT, (keV) 0558 1301  0.630 X013

bbodyrad  Rep (km) 3.1 4% 24 1501

Gaussian LineE (keV) 0.884 0.988 *004
+0.0215
—0.0158

Gaussian Intensity (><10_2 ph cem™? 1.23 tg_-;'?‘.’ 0.41 2383

—1
s)

Gaussian Width (keV) 0.139 0.107
+0.0311 +0.0349
~0.0160 ~0.0158

relxilicp I’ 196 X008  1.99 100

relxillcp KT, (keV) 74.2 113

relxillCp kT eq (keV) 0.01 (fixed)

relxillCp Index 2.05 9137 2.21 £33
relxillCp Ri(GM/c?) 16.1 +39 123 ¥

relxillCp Incl (deg) 72.3 #3236

relxillCp LogN (cm ™) 19.1 9 17.3 143

relxillCp R, 0329 5707 0.527 X556

relxillCp Fe abund 1.0 (frozen)

relxillCp logé 1.65 0333 1.82 10353

relxillCp Norm (*10~%) 1.9 +007 2.2 18

Total \*/DOF 2569 /2785 3039 / 3291

Total v?/DOF 5608 / 6076

Note. The model consists of photoelectric absorption (including interstellar
iron and oxygen abundance), a blackbody, a Gaussian emission line, a
thermally Comptonized primary continuum, and the reflection component. The
blackbody radius was calculated using a distance of 3.5 kpc (D. K. Galloway
et al. 2008). The iron abundance is in units of solar iron abundance.

two bursts in the 2019 NuSTAR observation and performed time-
resolved spectral analysis to study the evolution. Finally, we
modeled the broadband spectrum for the first time using NICER
and NuSTAR data. In this model, we found evidence of reflection
during both outbursts, constrained the inclination to 72 f2j§° with
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Figure 3. Top: broadband NICER (black) and NuSTAR (blue) spectrum and best-fit model (red) of SAX J1808. (a) depicts the 2019 outburst and (b) the 2022
outburst. The model includes photoelectric absorption (including interstellar iron and oxygen abundance), a thermally Comptonized primary continuum, a
blackbody, a Gaussian line, and a reflection component. Middle: residuals in units of sigma of the data to the model without the Gaussian line at 1 keV and the
reflection component. Here, the 1 keV line, the iron line, and the hard hump appear. Bottom: residuals in units of sigma of the data to the best-fit model, including the

Gaussian line and reflection component.

the reflection component, and identified the 1keV line during
nonburst emission.

The 1keV line feature is well known to exist in X-ray
binaries and has previously been identified in sources like
Serpens X-1, Cygnus X-2, Hercules X-1, and HETE J1900.1-
2455 (P. Chakraborty et al. 2024; A. Papitto et al. 2013).
Because this feature is believed to be a blend of emission lines,
including the Fe L complex from reflection, the relative
strengths of the lines varying is likely causing the shift in
centroid (P. Chakraborty et al. 2024; R. M. Ludlam et al.
2018). Simulations of a type-I thermonuclear burst in an
LMXB by J. Speicher et al. (2022) suggest that these bursts are
likely to ionize and heat the disk, altering the strength of the
soft excess as a result.

We identified an emission line at 0.90 T99% keV with an
intensity of 0.012 *0%8 ph cm 2 s~!, approximately 20 hr before
the bursts in the 2019 NuSTAR observation. In 2022, we find this
line at 0.99 002 keV with a much smaller intensity of 0.004

+0.002 . Between these outbursts, the reflection

To001 ph cm-
fraction increases from 0.33 3_3-708 to 0.53 fg?g This variance in

reflection fraction may contribute to the shift in central energy,
but this is likely not the case. We expect that an increase in the
reflection fraction would correspond to a brighter feature. This
does not exclude the possibility of reflection affecting this feature,
but we do not find conclusive evidence here. Similarly, the
ionization parameter log &, which varies from 0.0 to 4.7, increases
from 1.7 t3 f to 1.8 1) _02 between the two epochs. This change in
ionization is likely correlated with the shift in central energy of
this feature. The theory that this feature is a blend of soft emission
lines aligns with this explanation.

In fact, P. Bult et al. (2019) analyzed the brightest thermo-
nuclear burst of SAX J1808 in 2019 and found an emission line
at 1.05keV, with an intensity of 027 ph cm > s '. This
observation took place 12 days after the NICER observation
analyzed in this paper. The much higher intensity makes sense
considering the brightness of that thermonuclear burst.
R. Sharma et al. (2023) identified this feature during pemlstent
emission at 0.86 keV, with an intensity of 0.002 ph cm 2L

This observation used AstroSAT and occurred 4 days after the
NuSTAR observation in 2019. Finally, S. Casten et al. (2023)
analyzed a NICER observation occurring 1 day before the
observation analyzed in this paper. They found this feature at
0.99 keV before the thermonuclear burst and at 0.96 keV during
the burst. They did not find this feature in the postburst spectrum.
Between these analyses, the central energy shifts by 0.2keV.
Such a vast variation in the central energy of this feature is not
unusual. R. M. Ludlam et al. (2018) found this feature in Serpens
X-1 at 1.22keV, and later H. Hall et al. (2025) identified this
feature at 0.87 keV.

There are other interesting emission lines to be analyzed in
SAX J1808. T. Di Salvo et al. (2019) reported three soft
emission lines in a 2015 XMM-Newton observation at 2.7, 3.3,
and 4.0keV, thought to be Sulfur XVI, Argon XVIII, and
Calcium XIX-XX, respectively. In our analysis of the 2019
and 2022 NICER and NuSTAR observations, these lines were
not identified. While the nature of these lines is still unknown,
their presence may be explained by the unusually soft spectral
state of this source in the 2015 XMM-Newton observation. We
emphasize that this source should be observed with instru-
ments with higher spectral resolution, e.g., with XRISM, to
further investigate the origin of these lines.

Modeling the combined broadband spectrum with the
blackbody and reflection components increased the quality of
our results significantly for the 2022 spectra, giving good
evidence that these components are occurring in the system.
Forcing certain parameters to be self-consistent between
outbursts, such as inclination, also resulted in an increased
quality of our results. This included a reasonable inclination of
69°-73°, which falls within the recently modeled range of
67°-73° found by A. J. Goodwin et al. (2019). Considering
that P. Bult et al. (2019) identified an accretion disk in their
analysis, we considered including the accretion disk in our
model. However, A. J. Goodwin et al. (2020) projected the
disk temperature to be on the order of a few eV about 2 weeks
before the NuSTAR observation. Considering their projected
viscous timescale of 4-12 days, we do not expect the accretion
disk to appear in X-ray. The 2022 observation was taken at a
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Figure 4. Relative strength of the components from the best-fit model using NICER and NuSTAR for the 2019 and 2022 outbursts of SAX J1808 from Section 3.3.

similar point during the outburst and is likely also emitting
below X-ray in this observation.

Studies of previous outbursts have found upper limits for the
inner disk radii of around 12 R, during the 2008 and 2015
outbursts, and this is consistent with our findings for the 2019 and
2022 outbursts (A. Papitto et al. 2009; T. Di Salvo et al. 2019).

Assuming a 1.4 M, mass star, the inferred radius ranged from
roughly 20 to 40 km for both outbursts. We expect the accretion
disk to lie within the corotation radius a few days before the
outburst peak when the NuSTAR observations were taken.
Considering the corotation radius of 31 km estimated by
A. Patruno et al. (2016), these radii are at the larger end of what
would be expected for an accreting neutron star. The large error
range does not allow us to conclude with certainty whether the
inner disk radius lies within or outside of the corotation radius.
SAX J1808 is well known to exhibit reflaring behavior, where
the source erratically rebrightens after the outburst peak
(R. Wijnands et al. 2001; A. Patruno et al. 2009; M. C. Baglio
et al. 2020). During this period, the accretion disk is theorized to
retreat and outflow rather than accrete (A. Patruno et al. 2016).
M. C. Baglio et al. (2020) found the source to be in an island/
hard state for the 2019 outburst and that the reflaring regime
begins approximately 13 days after the X-ray peak (17 days
before the NuSTAR observation). L. Asquini et al. (2024) found
further evidence of this retreat, reporting the inner disk radius at

5100 km (over 10° Rg) 3 weeks after the 2019 outburst.
Explanations suggested for this changing radius include changes
in accretion geometry over the course of the outburst, varying
mass-transfer rates, or alternative outburst mechanisms (A. Pat-
runo et al. 2016; A. J. Goodwin et al. 2020; K. V. S. Gasealahwe
et al. 2023). These known dynamic changes within a single
outburst obscure a conclusive interpretation of our inner disk
radii obtained from the reflection component of the model. More
observations are needed to further probe how the accretion disk
geometry changes over the course of a single outburst.

The fluctuation in central energy of the 1keV feature
motivates further investigation. The drastic shift in the 2019
observations may be explained by thermonuclear bursts,
changes in reflection, or changes in ionization due to
irradiation of the disk. We plan to extend our analysis to all
available NICER observations for the 2019 and 2022 out-
bursts, which could provide further insight into this elusive
source, possibly supported by multiwavelength analysis.

5. Conclusion

In this paper, we analyzed the combined broadband NICER
and NuSTAR spectrum of SAX J1808 for the first time. In our
detailed analysis, we identified several thermonuclear bursts
occurring during the 2019 and 2022 observations performed by
NICER. We also performed time-resolved spectral analysis of
two thermonuclear bursts occurring during the 2019 NuSTAR
observations. Our spectral modeling provides evidence of
reflection during outbursts and constrains the inclination
between 69° and 73°. We also detected the 1keV feature in
the spectra of both outbursts, at 0.90keV in 2019 and 0.99 keV
in 2022. This, along with the analyses of S. Casten et al. (2023),
P. Bult et al. (2019), and R. Sharma et al. (2023), shows that this
line varies greatly in central energy during the 2019 outburst. To
the best of our knowledge, we are the first to analyze spectra
from the 2022 outburst and the first to identify the 1 keV feature
in this outburst. In a subsequent paper, we intend to continue our
investigation of the NICER data, with particular focus on this
1 keV feature. The constrained parameters from our broadband
analysis will aid in this future modeling.
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Appendix

The resuiduals of the modeled spectra during the two
thermonuclear bursts occurring during the 2019 NuSTAR
observation are show in Figure 5. Each section of the burst was
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modeled with photoelectric absorption (including interstellar
oxygen and iron abundance) and blackbody components.
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