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Abstract

We conducted an analysis of the continuum during the onset and initial decline
phases of the 2023 outburst in the transient neutron star low-mass X-ray bi-
nary Aql X1 using broadband observations from the Hard X-ray Modulation
Telescope (Insight-HXMT). To determine the most appropriate model for the
continuum of this outburst, we employed three models to explore the evolution
of the spectral components. These observations revealed that the source transi-
tions from the hard state to the soft state. The disk-corona and sphere-corona
models both adequately described the spectra of the hard state, while the double
blackbody model became preferable after the hard X-ray emission (>25 keV)
disappeared during the state transition. In the soft state, the total emission is
dominated by the accretion disk and two blackbody components. The combi-
nation of the sphere-corona model and the double blackbody model is the most
suitable for this outburst. The results suggest that as the source transitioned
into the soft state, the emission from the boundary layer was enhanced, and a
hot spot occurred.

Notably, we identified two type-I X-ray bursts, one of which exhibited a sig-
nificant hard X-ray deficit (significance ~4.82¢), which indicates that Insight-
HXMT has the capability to capture the evolution of the corona in a single
burst.

Key words: accretion, accretion disks — stars: individual (Aql X—1) — stars:
neutron — X-rays: binaries — X-rays: bursts

1. Introduction

Neutron-star Low-Mass X-ray Binaries (NS-LMXBs) consist of a neutron star
(NS) and a normal companion star with a mass less than 1 M . Material from
the companion star forms an accretion disk around the neutron star, which
then accretes onto its surface. These systems can be divided into two categories
(Tetarenko et al. 2016): persistent sources, which have persistent radiation,
such as 4U 0513-40 (Clark et al. 1975), 4U 1720429 (Wachter et al. 2005),

chinarxiv.org/items/chinaxiv-202505.00114 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00114

ChinaRxiv [$X]

4U 1728-34 (Galloway et al. 2008), and 4U 1636-53 (Wisniewicz et al. 2023);
and transient sources, which exhibit bright X-ray outbursts irregularly after
quiescent states, lasting from a few days to a few months, such as Aquila X1
(Aql X-1, Sakurai et al. 2012), XTE J1810-189 (Manca et al. 2023), 4U 1608-52
(Chen et al. 2023a), and 4U 1730-22 (Chen et al. 2023b).

Outbursts are generally interpreted within the disk-instability model (Lasota
2001). In NS-LMXBs, sudden increases in X-ray intensity have also been ob-
served, characterized by a rapid rise over a few seconds and an exponential
decrease over tens to hundreds of seconds. These events are called thermonu-
clear (Type-I) X-ray bursts, which are generally believed to be caused by un-
stable thermonuclear burning of accreted hydrogen and/or helium (Galloway et
al. 2008).

During an outburst, transient NS-LMXBs typically transition from the low /hard
state to the high/soft state, then return to the low/hard state before ultimately
entering quiescence (van der Klis 1994; Campana et al. 1998; Remillard & Mec-
Clintock 2006). In the hard state, the spectrum is dominated by the Comp-
tonized component. The Compton component originates from a corona com-
posed of hot electron plasma. This component upscatters soft seed photons
from the disk or the NS surface, thereby contributing to the overall spectrum.
In contrast, during the soft state, the spectrum is dominated by the thermal
component. The contribution from the accretion disk is widely considered to
constitute this thermal component (Done et al. 2007; Gilfanov 2010). Given the
solid surface of the NS, emission from the surface and the boundary layer (BL)
may affect the spectrum (Done & Gierliniski 2003). The BL forms when material
from the accretion disk falls onto the NS surface and decelerates (Inogamov &
Sunyaev 1999; Babkovskaia et al. 2008). For exploring potential components in
the spectrum of the outburst, in addition to the disk and the BL, a hot spot may
also contribute to the thermal emission, which may originate from restriction of
the burning to a small region of the NS surface (Watts 2012).

To elucidate the behavior of the continuum spectrum in transient NS-LMXBs,
numerous models have been employed in previous research. Among these, two
types of models have emerged as the most prevalent. Both incorporate a ther-
mal component and a Compton component; however, the distinction between
them lies in the spatial configuration of the Compton component (the corona).
The first, which can be simplified as the disk-corona model, assumes that the
Comptonized seed photons originate from the accretion disk (White et al. 1988).
The second, simplified as the sphere-corona model, assumes that the neutron
star itself or the BL contributes the Comptonized seed photons (Mitsuda et
al. 1989).

Previous studies have employed these models to investigate the evolution of
the accretion disk, BL, and corona, yielding numerous findings about accretion
geometry. The disk-corona model has successfully described outburst spectra for
several sources, such as XTE J1710-281, 4U 1608-52, and Aql X-1. In the hard
state of XTE J1710-281, the accretion disk, with an inner disk temperature of
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~0.3 keV and a radius of ~70 km, is Comptonized by the corona with an electron
temperature of ~5 keV. The disk flux accounts for ~22% of the total flux (Sharma
et al. 2020). In the soft state of 4U 1608-52, the inner disk temperature reaches
~1 keV and the radius expands to ~25 km. The fraction of disk flux to total
flux is ~61% (Bhattacherjee et al. 2024). As Aql X-1 transitions from the hard
state to the soft state (the outbursts in 2019 and 2020), the temperature of the
inner disk increases from ~0.6 to ~0.9 keV, and the inner disk radius increases
from ~14 to ~20 km (the covering fraction is fixed at 0.5, Putha et al. 2024).
Within the disk-corona model, as sources transition from the hard state to the
soft state, the temperature and radius of the inner disk increase. The changes
are reversed during the opposite transition.

The sphere-corona model has been used effectively for several sources including
SAX J1748.9-2021, Aql X-1, EXO 0748-676, and XTE J1701-462. In the hard
state of SAX J1748.9-2021, the blackbody has a radius of only ~3 km and a
temperature of ~0.6 keV, while the temperature of the corona exceeds 14 keV
(Sharma et al. 2020). In the soft state of EXO 0748-676 and XTE J1701-462,
this model constrains the spectral parameters well, with corona temperature
below 4.5 keV and blackbody temperature below 0.5 keV (Knight et al. 2022;
Jayasurya et al. 2023). During the 2011 outburst of Aql X1, as the source tran-
sitions from the hard state to the soft state, the temperature of the blackbody
increases from ~0.6 to ~1.4 keV, and the electron temperature of the corona de-
creases from ~22 to ~3 keV (Abdelfatah et al. 2021). Based on the fitting results
of the sphere-corona model, as the sources transition from the hard state to the
soft state, the blackbody temperature increases while the corona temperature
decreases.

In MAXI J1807+4132, both the disk-corona and sphere-corona models provide
equally satisfactory fits to the data (Rout et al. 2025). Previous studies of Aql X—
1 also demonstrate the feasibility of both models. While both models effectively
fit the continuum for specific spectral states, identifying the superior model
based on its applicability across the entire outburst phase remains challenging.

Aql X-1, first identified by Friedman et al. (1967), is a transient NS-LMXB
classified as an atoll source (Hasinger & van der Klis 1989; Reig et al. 2000).
It characteristically undergoes an outburst approximately once a year (Giingor
et al. 2017). This system has an orbital period of 18.9 hr (Chevalier & Ilo-
vaisky 1991) and includes a K-type companion star (Chevalier et al. 1999). The
estimated distance to the system is 6 + 2 kpc, and the orbital inclination is
between 36° and 47° (Mata Sénchez et al. 2017). A unique X-ray pulsation was
detected at 550.27 Hz (Casella et al. 2008), occurring during the latter part of
the rising phase of the 1998 outburst as observed by the Rossi X-ray Timing
Explorer (RXTE). Additionally, during type-I X-ray bursts, burst oscillations
were identified at around 549 Hz (Zhang et al. 1998; Galloway et al. 2008).
By stacking RXTE/PCA light curves of type-I X-ray bursts from this source,
Chen et al. (2013) discovered a deficit in the 30-50 keV band compared to the
pre-burst mean count rate, with 6o significance, and a soft X-ray delay of 4.5 +
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1.4 s. This deficit was interpreted as cooling of the corona by the type-I X-ray
bursts.

The goal of our study is to identify the most appropriate model that describes
the evolution of the spectral components throughout the outburst. The frequent
outbursts of Aql X—1 offer numerous opportunities to test various models. The
2023 outburst of Aql X—1 was observed by the Hard X-ray Modulation Telescope
(Insight-HXMT), presenting an unparalleled opportunity to fulfill our research
aim. In this paper, we report our analysis of the 2023 outburst in Aql X-1. We
describe the observations and data analysis in Section 2, present our results in
Section 3, and discuss and summarize our findings in Section 4.

2. Observation and Data Analysis

Insight-HXMT (Zhang et al. 2020) contains three payloads: the High Energy
X-ray Telescope (HE, 20-250 keV), Medium Energy X-ray Telescope (ME, 5-40
keV), and the Low Energy X-ray telescope (LE, 1-12 keV). We employed the
Insight-HXMT Data Analysis Software (HXMTDAS) v2.06 for data reduction,
with calibration database (CALDB) v2.07.

Figure 1 [Figure 1: see original paper| shows the light curves of the 2023
outburst of Aql X—1. From top to bottom, the first two panels show, respectively,
the Monitor of All-sky X-ray Image (MAXTI) light curve at time bins of 6 hr and
the Burst Alert Telescope (BAT) light curve at time bins of 1 day. The following
three panels show the light curves of LE (2-10 keV), ME (10-35 keV), and HE
(30-100 keV) instruments on board Insight-HXMT, binned at one observation (1
ObsID, with average exposure time around 2000 s). The next two panels show
the 25-35 keV light curves of ME and HE binned at 1 ObsID. The last two panels
show the hardness ratio curve using the 4-10 keV and 2-4 keV bands, and the
15-35 keV and 10-15 keV bands, respectively. The gray area in each panel
roughly represents the duration of the state transition (MJD 60155-60157),
which includes six observations. The red and orange dashed lines represent
burst #1 and #2, respectively.

Aql X-1 started an outburst in 2023 July (Alabarta et al. 2023) that persisted
for approximately 50 days. From 2023 July 28 (MJD 60153) to 2023 August 23
(MJD 60179), a total of 439 ks of monitoring observations were obtained with
Insight-HXMT. These observations covered the onset and initial decline phases
of this outburst, as shown by the LE, ME, and HE light curves in Figure 1.
To illustrate the trajectory of this outburst in the hardness-intensity diagram
(HID), we extracted 2-10, 24, and 4-6 keV light curves of these observations,
each point with time bins of 64 s, as shown in Figure 2 [Figure 2: see original
paper]. When analyzing observations containing bursts, we excluded the data
from the burst part to generate the continuum spectra. The continuum spectra
of LE and ME were re-binned using the ftool grppha with a minimum of 1500
counts per grouped bin.

For the HE spectra, we divided the energy channels into three ranges: below 25
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keV, 25-50 keV, and above 50 keV. The channels were binned into 1 bin, 3 bins,
and 11 bins, respectively, for each of these ranges.

To search for type-1 X-ray bursts, we extracted net light curves with a time bin
of 1 s in the 1-10 keV and 10-35 keV bands for LE and ME, respectively. During
this outburst, we identified two type-I X-ray bursts occurring at the onset of the
rising phase, with one falling outside the good time intervals (GTIs), as marked
by the red and orange dashed lines in Figure 1. To obtain the characteristics
of the burst profile, we applied the method described by Yan et al. (2024). The
onset time, rise time, and duration are summarized in Table 1 .

We also generated light curves with a bin size of 4 s in the 30-70 keV band
to investigate variation in the hard X-ray band during the bursts. These light
curves were subtracted by the 64 s mean count rate before the burst to avoid
changes within a single observation. For the spectra before and during the burst,
we employed the method in Yan et al. (2024). The LE and ME spectra were
re-binned with a minimum of 20 counts per grouped bin using the same tool.

Before performing time-resolved spectral fitting, we added a systematic uncer-
tainty of 1%, 2%, and 1% to the LE, ME, and HE spectra, respectively, based
on information provided by the Insight-HXMT team (Li et al. 2020). XSPEC
v12.13.9 was utilized for spectral analysis. We chose the energy bands 2-10
keV, 8-30 keV, and 25-100 keV for the LE, ME, and HE instruments, respec-
tively. For observations without emission above 25 keV, we only used the LE
and ME data. The 1o errors of the parameter values were calculated at the 90%
confidence level.

In the spectral fitting, we used the TBabs model with the photoionization cross-
sections of Verner et al. (1996) and the solar abundances (Wilms et al. 2000) to
account for interstellar absorption. Since our data cannot effectively constrain
the hydrogen column density, we fixed it at 0.36 x 10722 cm2 (Sakurai et
al. 2012).

To investigate the evolution of the corona, accretion disk, and other potential
components (such as the BL and hot spot) throughout the outburst in Aql X-1,
most studies employed two types of models: one incorporates a Comptonized
disk blackbody and a blackbody (Sakurai et al. 2012), while another assumes
that the blackbody emission is Comptonized by the corona, with the disk black-
body making a direct contribution to the observed emission (Sakurai et al. 2012;
Ono et al. 2017; Giingor et al. 2020; Fijma et al. 2023).

In our study, we adopted the Thcomp component for precise representation
of thermal Comptonization spectra, as validated by Zdziarski et al. (2020).
We employed the first type of model (disk-corona model) and the second type
(sphere-corona model) for testing. The detailed configurations of these models,
designated as Model 1 and Model 2, are presented in Table 2 . The corona was
described using Thcomp, diskbb represented the accretion disk, and bbodyrad
represented the blackbody around/from the NS surface.
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Table 2. The Fitting Models in this Work

Model 1 Model 2 Model 3

TBabs * (Thcomp * TBabs * (Thcomp * TBabs * (bbodyrad +
diskbb + bbodyrad) bbodyrad + diskbb) diskbb + bbodyrad)

Note: We employed Models 1 and 2 to fit the spectra of Aql X-1 before the
transitional state, and Model 3 to fit the spectra in the soft state.

At the beginning of spectral testing, we applied these models to fit all observa-
tions and found that they both fitted the data well before the source entered
the soft state (MJD 60157). In the soft state, we opted to proceed with Model 2
for the following tests. The reason for utilizing Model 2 is explained in Section
4.1.

In the test, we permitted all parameters of Model 2 to vary freely. However,
with the disappearance of hard X-ray emission above 25 keV (MJD 60156),
this approach failed. Consequently, we attempted to fix some parameters of the
Compton component, which might remain roughly constant. We conducted two
trials to investigate the evolution of the Compton component in Model 2.

In the first trial, we fixed the covering fraction (Cov_ {frac}) during the soft
state. Based on the fitting results before the soft state, the covering fraction
decreased from 100% to around 12%. We then set the covering fraction at 12%
to fit the subsequent observations. In the fitting results, the temperature of the
corona stabilized at 2—-3 keV. Additionally, the photon index varies from 1 to 2.
However, this range is significantly lower than the expected values for the soft
state case (Maitra & Bailyn 2004; Diaz Trigo et al. 2018; Fijma et al. 2023).

In the second trial, we fixed the temperature of the corona (kTe) during the
soft state. To estimate the possible upper limit of the corona temperature, we
combined observations P050426000302 and P050426000303 before the soft state
to enhance statistical accuracy. These observations exhibited similar count rates
and hardness ratios across different energy bands, as shown in Figure 1. The
best-fitting parameters of the corona were as follows: kTe = 6.18 4+ 2.43 keV
and Cov_ {frac} = 0.87 + 0.13.

Considering this possible upper limit of the corona temperature, we tentatively
selected a range of fixed kTe values from 3 to 5 keV, with a step size of 0.5
keV. In the fitting results, as kTe increases, I' also increases, with the values
of kTe at 4.5 keV and 5 keV nearly overlapping. The covering fraction exhibits
random behavior at lower kTe values (3—4 keV) but stabilizes around 1 at higher
kTe. The parameters of the blackbody and disk blackbody components remain
consistent across different corona temperatures. These trials, along with the
absence of photons above 25 keV (as illustrated in the fifth, sixth, and seventh
panels of Figure 1), indicate that the hard emission is missing during the soft
state, suggesting that the Compton component is not needed in this state.
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Subsequently, we attempted to fit the continuum after MJD 60156 by removing
the Compton component, but the model did not fit the data well. The data-to-
model ratio showed a significant deviation below 3 keV, which indicates the need
for an additional thermal component. We tentatively introduced an additional
blackbody component to formulate Model 3 (TBabs * (bbodyrad + diskbb +
bbodyrad)). This model comprises two blackbodies (the high-temperature black-
body is bbl, and the low-temperature blackbody is bb2) and a disk blackbody.
This model described the continuum well.

We adopted a distance of 5.2 kpc and an inclination angle of 45° for the disk to
calculate the radius of the blackbody and the inner disk. Utilizing the formulas
provided in the manual of XSPEC for the bbodyrad and diskbb models, we
converted the normalization parameter to the radius in kilometers.

We utilized the cflux component to calculate the unabsorbed 2-100 keV flux of
the total model, as well as the flux of each component within the model.

For the spectral analysis during the type-I X-ray burst phase, we applied the
same methods of Yan et al. (2024). The overall information of the two type-I
X-ray bursts is shown in Table 1.

To calculate the significance of the hard X-ray (30-70 keV) deficit during the
type-I X-ray bursts, we selected the deficit interval during the burst, as shown in
the gray area in Figure 1. Its significance is the ratio of the deficit area and the
total error following propagation (Chen et al. 2018). We used cross-correlation
to calculate the cross-correlation between the LE light curve (1-10 keV, 1 s
resolution) and the HE light curve (3070 keV, 1 s resolution). To estimate the
time lag and its error, we used the GAUS model in QDP to fit the distribution
of the time delay.

3. Results

3.1. Light Curves and Hardness-Intensity Diagram

In the first two panels of Figure 1, we used the light curves of MAXI and Swift-
BAT to illustrate the entire phase of the 2023 outburst in Aql X—1. The next
three panels show the light curves of the LE (2-10 keV), ME (10-35 keV), and
HE (30-100 keV) instruments on board Insight-HXMT. As the LE and ME
light curves increase simultaneously, the HE light curve shows a clear drop from
MJD 60156 and remains at around zero after that. This rapid decrease in hard
X-ray emission during the early phase of this outburst has also been observed
in previous outbursts of Aql X-1 (Yu & Dolence 2007; Fijma et al. 2023). This
similar behavior also occurred in other sources, such as IGR J17473-2721 (Chen
et al. 2010) and 4U 1608-52 (Asai et al. 2012).

The last two panels of Figure 1 represent the hardness ratio for the LE (4-10
keV / 2-4 keV) and ME (15-35 keV / 10-15 keV) instruments, respectively. As
the outburst progresses, the LE hardness first shows a dip from MJD 60156
and then slowly decreases, while the ME hardness rapidly decreases and then
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remains at a low level. During this dip stage (the gray area in Figure 1), the
30-100 keV light curve rapidly decreases to zero. This stage represents the state
transition from the hard to the soft state. These phenomena were also observed
in the 2009 outburst of Aql X-1 (Miller-Jones et al. 2010).

The spectral state evolution of Aql X—1 can be intuitively distinguished in the
HID, as shown in Figure 2. The source evolves from the bottom right corner
to the left and then to the upper right corner in the plot. This trace is similar
to the HID reported by Giiver et al. (2022). They defined the intensity as the
count rate in the 0.5-10.0 keV band and the hardness ratio as the count rate
ratio between the 3.8-6.8 and 2.0-3.8 keV bands. The observations in our trace
cover the low/hard state (before MJD 60155), the state transition (between
MJD 60155 and MJD 60157), and the high/soft state (after MJD 60157) of Agl
X-1. The two bursts took place in the transition state.

3.2. Broad-band Spectral Analysis

In the first eight panels of Figure 3, we plotted the fitting results of Model 1
(blue triangles) and Model 2 (black squares) before the soft state (MJD 60157)
in the 2023 outburst. In the second panel, the value of the photon index (T') in
both Model 1 and Model 2 gradually increased. The temperature and covering
fraction of the corona exhibited decreasing trends in the subsequent two panels.
The blackbody temperature for Model 1 was around 2.5 keV, notably higher
than the value (around 1.2 keV) measured in Model 2. The blackbody radius in
both models was around 2 and 5 km, both of which are below the typical radius
of an NS. This indicated that the emission of the blackbody may come from
parts of the surface of the NS. Both models fitted the continuum well during
the hard state.

After the disappearance of the hard emission, we employed Model 3; the fitting
results are depicted by the red points in Figure 3. The trend of the parameters of
the disk from Model 3 is consistent with the trends observed in the previous two
models, without any abrupt shifts. For Model 3, the temperature of the inner
disk gradually decreases as the outburst evolves, while the radius of the inner
disk expands to 25 km. Concurrently, the high-temperature blackbody shows a
relatively consistent temperature at approximately 2.5 keV and a radius of ap-
proximately 1.8 km. The constancy of this component implies that the thermal
emission may originate from a localized area on the NS surface that remains
stable. Simultaneously, the low-temperature blackbody exhibits an initial rise
to approximately 1.4 keV, followed by a gradual decline to approximately 1.25
keV. Correspondingly, the radius of this blackbody expands from approximately
7.5 to 10 km. This indicates that the increasing radius of the low-temperature
blackbody contributes more to the total flux than the high-temperature black-
body during the outburst. We calculated the ratio of the unabsorbed flux from
each component to the total unabsorbed flux for each model, as shown in Figure
4.
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This plot only presents data from three models in distinct parts, paralleling
the results illustrated in Figure 3. In the upper panel, the flux ratios for the
disk component in Model 1 and Model 2 exhibit similar behavior. Across the
three models, this ratio undergoes a rapid rise from approximately 0.2 (~MJD
60155) to nearly 0.6 (~MJD 60156), eventually settling around 0.4 (after ~MJD
60157). This trend suggests that the emission of the disk undergoes significant
fluctuations primarily during the transitional state. In the second panel, the
flux ratio attributed to the blackbody component in Model 1 increases from 0.1
to 0.2 during the transitional state. Conversely, in Model 2, this ratio (in the
last panel) almost stabilizes below 0.4. For Model 3, both the high- and low-
temperature blackbody components demonstrate a steady rise in their respective
flux ratios. The flux ratio of the high-temperature component plateaus at 0.2,
while the low-temperature component stabilizes at 0.4.

3.3. Hard X-Ray Deficit in the Type-I X-Ray Bursts

In Figure 5 [Figure 5: see original paper], we present the light curves, with 1 s
resolution (2 s and 4 s resolution for HE), of two type-I X-ray bursts as observed
by three instruments in Insight-HXMT. Burst #1 lasts approximately 100 s in
the 1-10 keV band and shows a significant deficit in the 30-70 keV band. The
observed deficit with a duration of 60 s (the gray shaded region of the left panel
in Figure 5) reaches a significance of 4.82¢0. Furthermore, we measured a time
delay of -0.91 s between the soft and hard emissions. If we take into account
the error bar, this value could be zero or negative, which suggests that the time
delay in this burst is not obvious.

Burst #2 has a similar peak count rate, a shorter duration, and a longer rise
time in the 1-10 keV light curve. This burst exhibits a deficit lasting for 8 s
(indicated by the gray shaded region in the right panel of Figure 5), with a
significance of 1.01o. Given the low statistical significance of this feature, we
did not perform a correlation analysis.

4. Discussion and Conclusions

We analyzed the 2023 outburst of the transient NS-LMXB Aql X-1 using obser-
vations from Insight-HXMT, covering its evolution from the hard state through
the transition state and into the soft state. To model the continuum before the
soft state, we employed two approaches, both revealing a decline in electron tem-
perature and covering fraction of the Compton component. In the soft state, the
double blackbody model provided an excellent fit to the observed continuum.
Additionally, we detected two bursts before the transition to the soft state, with
burst #1 exhibiting a pronounced deficit in hard X-rays compared to burst #2.

4.1. Appropriate Model for the 2023 Outburst

We utilized two models to describe the behavior of the continuum in the 2023
outburst. The first model comprises a Comptonized disk and a blackbody
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(Model 1), while the second includes a disk and a Comptonized blackbody
(Model 2). Both models effectively capture the hard state, but they fail to con-
strain the Compton component once the hard emission disappears during the
transition state. In the soft state, we found the double blackbody model (Model
3) successfully fitted the spectra. This model consists of a low-temperature
blackbody, a high-temperature blackbody, and a disk.

Given that our data cover the phase from the rise to the initial decline of the
outburst in Agql X-1, we have collected several previous studies that describe
similar outburst phases for comparison. The 2000 outburst, observed by Rossi
X-Ray Timing Explorer /Proportional Counter Array (RXTE/PCA, 2-60 keV),
was analyzed by Maitra & Bailyn (2004) using model wabs * (diskbb + power-
law). They interpreted the power-law component as emission from the corona.
As the source transitioned from the hard state to the soft state, both the tem-
perature (from ~0.5 to ~2 keV) and the radius of the inner disk increased. These
trends align with our results, though the inner disk temperature in our work
only increases from 0.5 to 1 keV. Recent analysis of the 2019 and 2020 outbursts
(Putha et al. 2024) employing the disk-corona model (TBabs * (gauss + gauss +
theomp #* diskbb)) on Neutron Star Interior Composition Explorer (NICER, 0.5-
10 keV) data revealed similar behaviors: the inner disk temperature rose from
~0.6 to ~0.9 keV while the radius expanded from ~14 to ~20 km (the covering
fraction is fixed at 0.5). Though this is consistent with our observed trends, our
work shows a larger maximum disk radius (~25 km). However, an alternative
modeling approach (the sphere-corona model) yields conflicting results.

Fijma et al. (2023) analyzed the 2009 outburst using joint SWIFT/XRT (0.5-
10 keV) and RXTE/PCA (2.6-23 keV) observations with the model TBabs
(nthcomp + diskbb). They reported a decreasing inner disk radius (from ~22
to ~10 km) despite comparable temperature evolution (from ~0.4 to ~0.9 keV),
which contrasts with our findings. Similar discrepancies are also apparent in
the analysis of the 2011 outburst by Ono et al. (2017), who utilized Suzaku
(0.8-60 keV) observations with wabsx (nthcomp + diskbb). In this analysis,
the radius decreased from ~35 to ~20 km while temperatures increased from
~1 to ~1.5 keV. Our work differs from these earlier studies by proposing that
the Compton component vanishes following the disappearance of hard emission,
and we employ a double blackbody model to describe the continuum.

We observed that as the source transitions from the hard state to the soft state,
the inner disk radius gradually increases. This finding is not only inconsistent
with some previous studies but also deviates from the predictions of standard
disk theory.

To further investigate this phenomenon, we conducted several tests on the inner
disk radius under different spectral states. In the hard state, we used Model 2
to fit the spectrum of the first observation (P050426000101), obtaining a disk
normalization of ~181. In contrast, during the soft state, we fitted the spectrum
of the observation (P050426001701) with Model 3, resulting in a disk normal-
ization of ~2343. The disk normalization in the soft state is significantly higher
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than that in the hard state. After removing the additional blackbody compo-
nent from Model 3 and refitting the same spectrum in the soft state, the disk
normalization was measured at ~109. This value is lower than that in the hard
state, suggesting that when the source transitions from the hard state to the
soft state, the disk moves closer to the NS. This trend aligns with standard
disk theory. Additionally, this value is lower than that obtained with Model 3,
prompting further investigation. The fitting results show a chi-squared/d.o.f.
of 302.08/252 for the model without the additional blackbody component, com-
pared to 201.69/250 for Model 3. We employed the ftest to calculate the F-
statistic and its probability, resulting in an F-statistic value of 62.22 and a
probability of 1.18 x 10722. This outcome indicates that the inclusion of the
additional blackbody component significantly improves the fit. Consequently,
the presence of the additional blackbody component affects the measurement of
the inner disk radius, suggesting that the trend we observe may not accurately
reflect the actual changes in the inner disk radius.

Furthermore, the energy range we used, starting at 2 keV, may impact the
measurement of the inner disk radius.

Building on previous analyses, we explore the appropriate model through an
evaluation of the correspondence between the blackbodies in the first two models
and the blackbodies in Model 3, as well as whether the appearance of the BL
and the hot spot in Model 3 is reasonable. As previous spectral studies of Aql
X-1 have shown, the temperature of the BL typically ranges from 1.6 to 3 keV
and the temperature of the hot spot could exceed 3 keV (Giingor et al. 2017;
Fijma et al. 2023). In other NS-LMXB sources, such as 4U 1608-52, 1A 1744—
361, and Cir X1, the temperature of the BL was below 2 keV (Armas Padilla
et al. 2017; Ng et al. 2024; Rankin et al. 2024).

From the above, we conclude that the temperature of the hot spot is higher than
that of part of the BL. The origin of the high-temperature blackbody emissions
could be attributed to the hot spot, and the low-temperature blackbody could
correspond to the BL. Next, we use two assumptions to discuss the potential
scenarios that may occur during the state transition.

First, assuming that Model 1 (the disk-corona model) accurately represents the
scenario in the hard state. Our results show that the fraction of the disk in
Model 1 is ~20%, and the ratio of the blackbody flux to the disk flux is ~50%.
During the same state in XTE J1710-281, Sharma et al. (2020) measured these
values at ~22% and ~1%. Only the ratio of blackbody flux to disk flux differs
significantly from ours.

During the transient state, the temperature of the blackbody in Model 1 remains
constant at ~2.5 keV, and the high-temperature blackbody in Model 3 starts at
~3 keV. At the same time, the fraction of the blackbody in Model 1 increases
to near the beginning of the fraction of the high-temperature blackbody in
Model 3. If we consider the temperature and the flux ratio of blackbodies to
be continuously evolving, then the blackbody in Model 1 corresponds to the
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high-temperature blackbody in Model 3. We infer that the high-temperature
blackbody corresponds to the hot spot, while the low-temperature blackbody
would be indicative of the BL. As the source enters the soft state, the BL
suddenly appears at ~30% of the total flux and increases to the level of the disk
(~40%).

Second, we consider Model 2 as the appropriate representation of the hard
state. In the hard state, the fraction of the disk in Model 2 is ~20%, which
means that the fraction of the Comptonized blackbody is ~80%. This shows
that the Comptonized blackbody dominates the emission in the hard state.

During the transition state, the temperature of the blackbody in Model 2 re-
mains at ~1.2 keV, and the low-temperature blackbody in Model 3 starts at ~1.3
keV. Taking into account the continuous evolution, the blackbody in Model 2
corresponds to the low-temperature blackbody in Model 3. According to the cor-
respondence between spectral components mentioned earlier, when the source
enters the soft state, the contribution of the BL increases from ~35% to ~40%
of the total flux. The hot spot suddenly appears at ~10% of the total flux.

Based on the existing flux ratio relation, it is difficult to clearly determine which
assumption is better. A unique transient X-ray pulsation was observed during
the soft state (around MJD 50882) of the 1998 outburst in Aql X-1 (Casella et
al. 2008); this signal may be attributed to the appearance of a hot spot. In Aql
X-1, the oscillations produced by the hot spot only occurred during the soft
state (Muno et al. 2004). In XTE J1701-462 and 4U 1702429, the BL could
exist across all spectral states (Lin et al. 2009; Banerjee & Homan 2024), and
the emission of the BL will be enhanced by the increasing accretion rate (Done
et al. 2014; Abolmasov et al. 2020).

Therefore, in this assumption, the appearance of the hot spot in the soft state
seems more reasonable. Consequently, Model 2 would be more suitable than
Model 1 for describing the hard state.

Based on the fitting results of Model 2 and Model 3, when Aql X-1 transi-
tions from the hard to the soft state in the 2023 outburst, the changes in the
accretion environment surrounding the neutron star are characterized by the
following: the inner radius of the accretion disk gradually decreases, its temper-
ature steadily increases, and emission strengthens. The corona shows a decrease
in temperature and covering fraction. The temperature and radius of the BL ex-
hibit a gradual increase, and similarly, the radius of the hot spot also increases.

In previous studies, time delays between soft and hard X-ray emissions were
found to be 0.7 £ 0.5 s, 0.9 + 2.1 s, and 3.6 +£ 1.2 s (Chen et al. 2012; Ji
et al. 2014a, 2014b), respectively. These differences suggest that variations
in accretion states and corona geometries among sources may contribute to
observed discrepancies in time delays (Degenaar et al. 2018).
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4.2. The Corona Cooling by the Type-I X-Ray Burst

Our analysis reveals two type-I X-ray bursts in Aql X-1, both exhibiting com-
parable peak fluxes (Table 1). Notably, we detected burst #1 during the hard
state, which demonstrates a significant hard X-ray deficit of ~4.82¢. In the tran-
sition state, we observed burst #2, which shows no significant deficit (~1.010).
This finding aligns with the 60 deficit reported by Chen et al. (2013) through
stacking 26 bursts observed in the hard state by RXTE prior to 2012. The consis-
tency between their detection of the hard X-ray deficit and our results provides
strong confirmation of the essential association between the hard X-ray deficit
and bursts in the hard state. Particularly noteworthy is the single-burst de-
tection capability demonstrated by the HE. With its large effective area, HE
enables unprecedented tracking of the evolution of the corona in real time during
a single burst, as demonstrated by Chen et al. (2018).

Spectral analysis revealed the following parameters at the burst peak: a black-
body temperature of 2.26 + 0.10 keV, a corona temperature of 11.51 4+ 1.67
keV, and a covering fraction of 0.71 4+ 0.07. For burst #2, the corresponding
values are 2.16 + 0.09 keV, 6.00 4 2.25 keV, and 0.33 + 0.13. The blackbody
temperatures at the burst peak, which correspond to the temperature of the
soft photons, show consistency between the two bursts. When the corona tem-
perature drops from ~11.51 to ~6.00 keV, the thermal gradient between the
corona and soft photons also decreases from ~9.30 to ~3.79 keV. Meanwhile, the
covering fraction decreases from ~0.71 to ~0.33. The significance of the deficit
also decreases from ~4.820 to ~1.0lc. The changes in these values indicate
that a corona with a lower covering fraction and lower temperature cannot be
effectively cooled by the burst.

For burst #1, we measured a time delay of -0.91 s between the LE and HE
light curves. In a previous study of the same source, Chen et al. (2013) stacked
26 bursts and reported a time delay of 1.8 + 1.5 s. This value is inconsistent
with our measurement. In another NS-LMXB, 4U 1636-53, Ji et al. (2013)
stacked 36 bursts observed by RXTE and measured a time delay of 2.4 4+ 1.5 s.
However, Chen et al. (2018) reported a different value of 1.6 & 1.2 s for a single
burst observed by Insight-HXMT. These discrepancies show that the time delays
measured from stacked bursts may differ from those measured from individual
bursts, and the averaging effect of stacking could influence the observed time
delay values.

Acknowledgments

J.M. is supported by the National Key R&D Program of China (2023YFE0101200),
Yunnan Revitalization Talent Support Program (YunLing Scholar Award), and
the National Natural Science Foundation of China (NSFC) grant 12393813.
G.B. acknowledges the science research grants from the China Manned Space
Project. M.Lyu is supported by Hunan Education Department Foundation
(grant No. 21A0096). This work is supported by the National Key R&D

chinarxiv.org/items/chinaxiv-202505.00114 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00114

Program of China (2021YFA0718500).

References

Abdelfatah, A. S., Nasser, M. A., Abdelbar, A. M., & Beheary, M. M. 2021,
JHEAp, 31, 12

Abolmasov, P., Nattila, J., & Poutanen, J. 2020, A&A, 638, A142

Alabarta, K., Russell, D. M., Baglio, M. C., et al. 2023, ATel, 16187, 1

Armas Padilla, M., Ueda, Y., Hori, T., Shidatsu, M., & Munoz-Darias, T. 2017,
MNRAS, 467, 290

Asai, K., Matsuoka, M., Mihara, T., et al. 2012, PASJ, 64, 128

Babkovskaia, N., Brandenburg, A., & Poutanen, J. 2008, MNRAS, 386, 1038
Banerjee, S., & Homan, J. 2024, MNRAS, 529, 4311

Bhattacherjee, S., Nath, A., Sarkar, B., et al. 2024, ApJ, 971, 154

Campana, S., Colpi, M., Mereghetti, S., Stella, L., & Tavani, M. 1998, A&ARv,
8, 279

Casella, P., Altamirano, D., Patruno, A., Wijnands, R., & van der Klis, M.
2008, ApJL, 674, 141

Chen, Y.-P., Zhang, S., Ji, L., et al. 2023a, JHEAp, 40, 76

Chen, Y. P., Zhang, S., Qu, J. L., et al. 2018, ApJL, 864, L.30

Chen, Y. P., Zhang, S., Torres, D. F., Wang, J. M., & Li, T. P. 2010, A&A,
510, A81

Chen, Y.-P., Zhang, S., Zhang, S.-N., Li, J., & Wang, J.-M. 2012, ApJL, 752,
L34

Chen, Y.-P., Zhang, S., Zhang, S.-N., et al. 2013, ApJL, 777, L9

Chen, Y.-P., Zhang, S., Zhang, S.-N., et al. 2023b, ApJL, 942, L.12

Chevalier, C., & Tlovaisky, S. A. 1991, A&A, 251, L11

Chevalier, C., llovaisky, S. A., Leisy, P., & Patat, F. 1999, A&A, 347, L51
Clark, G. W., Markert, T. H., & Li, F. K. 1975, ApJL, 199, .93

Degenaar, N., Ballantyne, D. R., Belloni, T., et al. 2018, SSRv, 214, 15

Diaz Trigo, M., Altamirano, D., Dinger, T., et al. 2018, A&A, 616, A23

Done, C., & Gierlinski, M. 2003, MNRAS, 342, 1041

Done, C., Gierliniski, M., & Kubota, A. 2007, A&ARv, 15, 1

Done, C., Tsujimoto, M., Cackett, E., et al. 2014, arXiv:1412.1164

Fijma, S., van den Eijnden, J., Degenaar, N., Russell, T. D., & Miller-Jones, J.
C. A. 2023, MNRAS, 521, 4490

Friedman, H., Byram, E. T., & Chubb, T. A. 1967, Sci, 156, 374

Galloway, D. K., Muno, M. P., Hartman, J. M., Psaltis, D., & Chakrabarty, D.
2008, ApJS, 179, 360

Gilfanov, M. 2010, LNP, 794, 17

Giingor, C., Eksi, K. Y., Gogls, E., Giiver, T., et al. 2017, ApJ, 848, 13
Giingor, C., Ge, M. Y., Zhang, S., et al. 2020, JHEAp, 25, 10

Giiver, T., Boztepe, T., Ballantyne, D. R., et al. 2022, MNRAS, 510, 1577
Hasinger, G., & van der Klis, M. 1989, A&A, 225, 79

Inogamov, N. A., & Sunyaev, R. A. 1999, AstL, 25, 269

Jayasurya, K. M., Agrawal, V. K., & Chatterjee, R. 2023, MNRAS, 525, 4657

chinarxiv.org/items/chinaxiv-202505.00114 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00114

ChinaRxiv [$X]

Ji, L., Zhang, S., Chen, Y. P., et al. 2014a, A&A, 564, A20

Ji, L., Zhang, S., Chen, Y., et al. 2014b, ApJ, 782, 40

Ji, L., Zhang, S., Chen, Y., et al. 2013, MNRAS, 432, 2773

Knight, A. H., Ingram, A., Middleton, M., & Drake, J. 2022, MNRAS, 510,
4736

Lasota, J.-P. 2001, NewAR, 45, 449

Li, X., Li, X., Tan, Y., et al. 2020, JHEAp, 27, 64

Lin, D., Remillard, R. A., & Homan, J. 2009, ApJ, 696, 1257

Maitra, D., & Bailyn, C. D. 2004, ApJ, 608, 444

Manca, A., Sanna, A., Marino, A., et al. 2023, MNRAS, 526, 1154

Mata Sanchez, D., Munoz-Darias, T., Casares, J., & Jiménez-Ibarra, F. 2017,
MNRAS, 464, L41

Miller-Jones, J. C. A., Sivakoff, G. R., Altamirano, D., et al. 2010, ApJL, 716,
L109

Mitsuda, K., Inoue, H., Nakamura, N., & Tanaka, Y. 1989, PASJ, 41, 97
Muno, M. P., Galloway, D. K., & Chakrabarty, D. 2004, ApJ, 608, 930

Ng, M., Hughes, A. K., Homan, J., et al. 2024, ApJ, 966, 232

Ono, K., Makishima, K., Sakurai, S., et al. 2017, PASJ, 69, 23

Putha, K. G., Bhargava, Y., & Bhattacharyya, S. 2024, MNRAS, 532, 3961
Rankin, J., La Monaca, F., Di Marco, A., et al. 2024, ApJL, 961, L8

Reig, P., Méndez, M., van der Klis, M., & Ford, E. C. 2000, ApJ, 530, 916
Remillard, R. A., & McClintock, J. E. 2006, ARA&A, 44, 49

Rout, S. K., Munoz-Darias, T., Homan, J., et al. 2025, ApJ, 978, 12

Sakurai, S., Yamada, S., Torii, S., et al. 2012, PASJ, 64, 72

Sharma, P., Sharma, R., Jain, C., & Dutta, A. 2020, MNRAS, 496, 197
Sharma, R., Beri, A., Sanna, A., & Dutta, A. 2020, MNRAS, 492, 4361
Tetarenko, B. E., Sivakoff, G. R., Heinke, C. O., & Gladstone, J. C. 2016, ApJS,
222,15

van der Klis, M. 1994, ApJS, 92, 511

Verner, D. A., Ferland, G. J., Korista, K. T., & Yakovlev, D. G. 1996, APJ,
465, 487

Wachter, S., Wellhouse, J. W., Patel, S. K., et al. 2005, ApJ, 621, 393

Watts, A. L. 2012, ARA&A, 50, 609

White, N. E., Stella, L., & Parmar, A. N. 1988, ApJ, 324, 363

Wilms, J., Allen, A., & McCray, R. 2000, APJ, 542, 914

Wisniewicz, M., Gondek-Rosiniska, D., Stowikowska, A., Zdziarski, A., & Ja-
niuk, A. 2023, ApJ, 944, 214

Yan, Z., Zhang, G., Chen, Y.-P., et al. 2024, MNRAS, 529, 1585

Yu, W., & Dolence, J. 2007, ApJ, 667, 1043

Zdziarski, A. A., Szanecki, M., Poutanen, J., Gierlinski, M., & Biernacki, P.
2020, MNRAS, 492, 5234

Zhang, S.-N., Li, T., Lu, F., et al. 2020, SCPMA, 63, 249502

Zhang, W., Jahoda, K., Kelley, R. L., et al. 1998, ApJL, 495, 1.9

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202505.00114 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00114

	Insight-HXMT Observations of the 2023 Outburst in Aql X–1: Postprint
	Abstract
	Full Text
	Preamble
	Abstract
	1. Introduction
	2. Observation and Data Analysis
	3. Results
	3.1. Light Curves and Hardness-Intensity Diagram
	3.2. Broad-band Spectral Analysis
	3.3. Hard X-Ray Deficit in the Type-I X-Ray Bursts

	4. Discussion and Conclusions
	4.1. Appropriate Model for the 2023 Outburst
	4.2. The Corona Cooling by the Type-I X-Ray Burst

	Acknowledgments
	References


