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ABSTRACT

We report the results of our analysis of 83 type-I bursts during the 2022 outburst of the newly discovered accreting millisecond pulsar
MAXI J1816–195 based on Insight-HXMT and NICER observations. We focus on the burst-recurrence time and its correlation with
persistent flux and outburst evolution. The extensive observations of Insight-HXMT and NICER confirm the presence of quasi-periodic
thermonuclear bursts during this outburst, with a recurrence time in the range of 1.15–2 h, which varies with the source persistent flux.
The burst recurrence times are, in general, longer at comparable flux levels in the outburst rising phase than those in the fading
phase, forming an apparent hysteresis phenomenon. These burst properties make MAXI J1816–195 a unique target for investigating
the underlying burst-accretion mechanisms. We discuss the plausible explanations for the hysteresis phenomenon, which appears to be
related to changes in the ignition condition or accretion geometry during the outburst.
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1. Introduction

Accreting millisecond pulsars are a class of accreting X-ray pul-
sars with spin frequencies of greater than 100 Hz. The mass of
the donor companion is always less than 1 M⊙, and the accret-
ing material is transferred from the companion via Roche lobe
overflow (Di Salvo & Sanna 2020; Patruno & Watts 2021).
Thermonuclear bursts have been detected in some accreting mil-
lisecond pulsars. Thermonuclear bursts, referred to as type-I
X-ray bursts, are due to unstable hydrogen/helium (H/He) burn-
ing at the surface of a neutron star (Strohmayer & Bildsten 2006;
Galloway et al. 2008; Galloway & Keek 2021). As accretion pro-
ceeds, the accreted H/He fuel gradually builds up on the surface
of the neutron star, forming a layer several metres thick, and
eventually ignites when it reaches thresholds of temperature and
density. After the burst occurs, the X-ray flux usually rapidly
reaches a peak in less than 10 s, attaining a level of up to sev-
eral times the persistent flux. The drastic thermonuclear burst
burns off the accumulated H/He fuel, followed by a recurrence
time typically measured in hours to days, until the accumulated
fuel reaches a suitable temperature and density again. There-
fore, the burst recurrence time (sometimes referred to as the
burst rate) can be used to investigate neutron star accretion,
matter accumulation, fuel composition, and unstable burning

(Ubertini et al. 1999; Galloway et al. 2004, 2008, 2018; Cavecchi
et al. 2020).

The properties of type-I bursts vary with changes to the
accretion rate, corresponding to different burst burning composi-
tions, burst recurrence times, and burst profiles. However, within
a certain range of accretion rates, type-I bursters may exhibit
quasi-periodic bursts with very similar profiles (Ubertini et al.
1999). This indicates that the bursts are triggered consistently
within a steady-state regime. Furthermore, a slight increase in
the accretion rate causes the bursts to be triggered earlier, result-
ing in shorter burst recurrence times. This situation was observed
for GS 1826–24, which is also commonly known as the clocked
burster (Ubertini et al. 1999). GS 1826–24 was observed to have
bursts with almost the same profile over years under a rather
stable accretion rate. These phenomena make GS 1826–24 a
textbook source for studying the nature of thermonuclear bursts
(Ubertini et al. 1999; Galloway et al. 2004). Long-term investi-
gations indicate GS 1826–24 shows a monotonically decreasing
trend in burst recurrence time with the accretion rate in the hard
state (Galloway et al. 2004; Chenevez et al. 2016), as expected
from theoretical and numerical simulations (Lampe et al. 2016).
However, this smoothed trend was challenged by the April 2003
observations, where the X-ray flux measured by RXTE was
seen to diverge from the overall evolution determined by other
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observations and appears to be underestimated by ∼30%. Analy-
ses of the variability and energy spectrum reported by Thompson
et al. (2008) suggest that an additional soft component is required
in the 2003 observations compared to other instances, potentially
compensating for the missing X-ray flux. This extra component
might be attributed to the extension of the accretion disk in a
radial direction. Generally, the accretion geometry of X-ray bina-
ries is variable, especially in transient sources (Done et al. 2007).
Variable accretion geometries contribute to the diverse evolution
of the energy spectrum and timing variability, especially regard-
ing the systematic differences between the rising and fading
phases of transient source outbursts. An example of this can be
seen in the hysteresis of black hole systems, and black hole-like
accretion states observed in neutron star systems (Muñoz-Darias
et al. 2014).

MAXI J1816–195, a new X-ray millisecond pulsar, was
first detected by MAXI in June 2022 (Negoro et al. 2022).
Its spin frequency was subsequently obtained by NICER and
Insight-HXMT as ∼528.6 Hz (Bult et al. 2022a; Li et al. 2023),
with an orbital period of 17 402.27 s (Bult et al. 2022b; Li et
al. 2023). Near the peak of the outburst in 2022, Insight-HXMT
employed a continuous exposure strategy (except during the
Earth occultation and South Atlantic Anomaly (SAA)), which
allowed the accurate measurement of burst recurrence times
and significantly reduced the number of missed bursts due to
observational gaps. Based on observations from Insight-HXMT
and NICER, we recorded a total of 83 type-I X-ray bursts. Using
this substantial sample, we focus on the recurrence behavior of
type-I bursts in this paper. We present our results in Section 3,
discuss them in Section 4, and provide a summary of our
conclusions in Section 5.

2. Observations and data analysis

Insight-HXMT is China’s first X-ray astronomy satellite. Since
it was launched in 2017, Insight-HXMT has detected approxi-
mately 200 type-I bursts in ten sources over a broad energy band
(Chen et al. 2018, 2019, 2021; Li et al. 2021). The three main
detectors of Insight-HXMT were designed to meet the scien-
tific aims in a broad energy band (Zhang et al. 2018, 2020). The
High Energy X-ray Telescope (HE, 20–250 keV, Zhang et al.
2014; Liu et al. 2020), Medium Energy X-ray Telescope (ME, 5–
40 keV, Cao et al. 2020), and Low Energy X-ray Telescope
(LE, 1–10 keV, Chen et al. 2020) are made of NaI(Tl)/CsI(Na)
phoswich detectors, Si-PIN detectors, and swept charge devices
(SCDs), respectively.

Insight-HXMT carried out detailed observations of MAXI
J1816–195 during the 2022 outburst following its discovery, and
covered almost the entire fading phase. We use the Insight-
HXMT processing software HXMTDAS v2.051 and follow the
standard processing (The Insight-HXMT Data Reduction Guide
v2.052) to extract the event data after screening. For some
observations, especially before MJD 59740, the lack of good
time interval (GTI) of LE data makes it difficult to study the
whole outburst in a broad energy band. Therefore, the NICER
observations are combined with Insight-HXMT to compensate
for the scarcity of LE data. The detailed exposure times for
Insight-HXMT and NICER are provided in Tables A.1 and A.2,
respectively.

The Neutron star Interior Composition Explorer (NICER) on
board the International Space Station has excellent sensitivity

1 http://hxmtweb.ihep.ac.cn/software.jhtml
2 http://hxmtweb.ihep.ac.cn/SoftDoc/648.jhtml

and time resolution, covering 0.2–12 keV (Gendreau et al. 2016).
We analyzed the NICER observations of MAXI J1816–195
between MJD 59736 and MJD 59760. The lightly screened
(“ufa” file) and screened (“lc” file) event files were reduced
using the standard pipeline tool nicerrl23. The spectrum and
its background were calculated using the nibackgen3C504 tool
(Remillard et al. 2022).

To ensure that no bursts were missed in the statistical analy-
sis of the type-I bursts, we extracted the LE and ME light curves
(1 s time resolution) of Insight-HXMT without screening,
obtaining a total of 73 type-I burst samples. For the NICER data,
we extracted the light curves (1 s time resolution) from the lightly
screened event files, obtaining 15 type-I bursts. Of these, 5 type-I
burst were also detected with Insight-HXMT (Fig. 1). Therefore,
by combining observations from Insight-HXMT and NICER, we
obtained a comprehensive sample of 83 type-I bursts. To avoid
missing any bursts, all type-I bursts were manually screened by
identifying signals that were greater than 5 σ above the average
count rate of each light curve.

We exclude the data from 30 s before to 120 s after each burst
and take the remaining good times to create the light curves for
the persistent emission. For the spectral analysis of the persistent
emission, we extracted the data enclosed in the time period from
3840 s (which is 1.1 h minus 120 s) to 30 s before each burst, for
both Insight-HXMT and NICER. Joint spectral fittings were per-
formed on 17 simultaneous observations, represented by the blue
points in Figure 2, where the source was observed concurrently
by NICER, ME, and HE. The spectrum can be fitted by a model
of diskbb plus Nthcomp, modified by the Galactic absorption
tbabs (Wilms et al. 2000), where NH is fixed to 2.4× 1022 cm−2,
which is the average value obtained from all 17 joint observations
when NH is allowed to vary freely in each fitting. This value is
consistent with those reported by Chen et al. (2022) and Mandal
et al. (2023). The background dominated the spectra for serval
observations at low flux, when the energy exceeded 50.0 keV.
Therefore, we fitted the energy spectrum in 1.0–50.0 keV and
calculated the bolometric flux using cflux in xspec, and the
bolometric persistent flux was calculated within 0.1–200 keV.

Considering that many bursts occur outside of the GTI
of observations and that there are only 17 persistent spec-
tra available for broad energy band fitting, we used the
interpolate.interp1d function from the scipy package to
linearly interpolate the persistent flux and persistent count rate
for bursts that occur beyond the time span of these 17 joint
observations.

3. Results

3.1. The outburst evolution

The Insight-HXMT observations of the 2022 outburst began
close to its peak, whereas the NICER observations captured
the rising phase, as shown in Figure 1. The peaks in the out-
burst light curves across various energy bands occurred at
MJD 59740.1 (1.0–10.0 keV), MJD 59739.7 (10.0–30.0 keV),
and MJD 59738.2 (30.0–100.0 keV). Therefore, time differences
in peak occurrence of >1.9 days and ∼0.4 days are observed in
the 30.0–100.0 keV and 10.0–30.0 keV energy bands, respec-
tively, relative to the 1.0–10.0 keV energy band. The positions of
all 83 type-I bursts detected by Insight-HXMT and NICER are

3 https://heasarc.gsfc.nasa.gov/lheasoft/ftools/
headas/nicerl2.html
4 https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_
threads/background/
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Table 1. Results of the spectral fitting of the two persistent spectra with similar bolometric flux in Figure 4 by combining the NICER, ME, and HE
spectra in the 1.0–50.0 keV range with constant*tbabs*(diskbb+Nthcomp).

Time kTin Rin Γ kTe χ2
ν Fbol

MJD (keV) (km) (keV) (10−9 erg/cm2/s)

59738.97058 0.51+0.02
−0.01 21.2+0.8

−1.4 1.90+0.05
−0.02 11.05+3.36

−1.52 190.64/202 11.730+0.204
−0.189

59741.62791 0.65+0.01
−0.01 15.9+0.3

−0.3 2.02+0.03
−0.01 8.56+0.40

−0.46 231.46/231 11.826+0.112
−0.103

Notes. For more details on the fitting of the persistent spectrum, see Chen et al. (2022). Rin is the inner radius of disk, defined as Rin =

(
ND2

10
cos(i)

)1/2
,

where N is the diskbb normalization, i is the viewing angle, D10 is the distance D divided by 10 kpc. For this plot, we assumed D = 6.3 kpc and
i = 45◦ (Chen et al. 2022).
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Fig. 1. Light curve of the 2022 outburst. Each point in panels 1, 2,
3, and 4 (from top to bottom) represents the persistent rate with the
binsize of 12 h for NICER (1.0–10.0 keV), LE (2.0–10.0 keV), ME
(10.0–30.0 keV), and HE (30.0–100.0 keV), respectively. The locations
of type-I bursts are shown with the vertical solid lines; black and red
lines represent the observations of Insight-HXMT and NICER, respec-
tively. Panel 5 represents the evolution of the hardness calculated as the
ratio between the ME rate and the NICER rate.

indicated at the top of Figure 1. The majority of these bursts were
detected prior to MJD 59748, during which time high levels of
persistent outburst flux were present. For a detailed account of
the burst properties, such as flux and duration, please refer to
Bult et al. (2022c), Chen et al. (2022), and Mandal et al. (2023).
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Fig. 2. Burst recurrence time vs. burst occurrence time, shown as red
points. The range of the y-axis of the burst recurrence time is artificially
limited to 0–10 h. The blue points represent the bolometric persistent
flux (0.1–200.0 keV) obtained from joint Insight-HXMT and NICER
data. The horizontal dashed lines are spaced 1.3 h apart. The black
arrows represent the location of bursts presented in Bult et al. (2022c).

The hardness-intensity diagram (HID) allows visualization
of the evolution of the spectral pattern and is commonly used to
study the progression of outbursts. As illustrated in Figure 3, the
HID presents the hardness-intensity changes throughout the out-
burst, with the red and blue points distinguishing the different
phases of the outburst, where the spectral differences between
the rising and fading phases are obvious. During the rising phase
of the outburst, the spectral pattern evolves more drastically, with
the hardness decreasing from 0.24 to 0.15 within 3 days, while
during the longer duration of the fading phase, the hardness
remains within a relatively narrow range of 0.11–0.15.

To investigate the factors contributing to the differences
between the rising and fading phases of MAXI J1816–195, par-
ticularly the dramatic changes in hardness during the rising
phase, we have chosen two bursts with comparable bolomet-
ric flux from the rising and fading phases, which occurred at
MJD 59738.97 and MJD 59741.63, respectively. The persistent
spectra before each of these two bursts are shown in Figure 4,
which is obtained by joining NICER and Insight-HXMT spec-
tra of the persistent emission. The persistent spectrum can be
well fitted with constant*tbabs*(diskbb+Nthcomp) (Chen et al.
2022). The spectral parameters are shown in Table 1. The most
obvious difference is the variation of the disk component, which
exhibits a lower temperature and larger inner radius during the
rising phase compared to the fading phase. Furthermore, the dif-
ferences between the photon index and the electron temperature
indicate variations in the spectral shape between the rising and
fading phases, with a harder spectrum noted during the rising
phase.
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Fig. 3. Hardness–intensity diagram of the 2022 outburst with a bin size
of 12 h. The hardness is the ratio of the persistent rate of the NICER
observation between 4–10 keV and 1–4 keV. The red points indicate the
rising phase, and the blue points the fading phase. The size of each point
represents the corresponding burst recurrence time in this location. It
can be seen that the intensity and hardness of the persistent emission
are different between the rising and fading phases, even for similar burst
recurrence times.
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Fig. 4. Persistent spectra before each of the two bursts at similar per-
sistent bolometric flux level but different outburst phases. The spectrum
in the rising phase is shown in red, while the fading phase is shown in
blue. The detailed parameters are presented in Table 1.

3.2. Quasi-periodic thermonuclear X-ray bursts

The measurement of burst recurrence time is crucial for under-
standing the nature of bursts; however, it is challenging to obtain
precise measurements due to the lack of continuous monitoring
data. In this outburst, the high-cadence observational strategy of
Insight-HXMT provides us with a rare opportunity to investigate
this property. Over the course of ∼30 days, a total of 83 type-I
X-ray bursts were detected by Insight-HXMT and NICER, with
the majority of the bursts being captured by consecutive obser-
vations with the ME detector. We define the recurrence time
as the interval between the peaks of two neighboring bursts.
The uncertainty of the peak time for each burst (the duration
of each burst with a count rate above 50 percent of peak count
rate is less than 20 s) is significantly less than its recurrence
time (>4140 s). Therefore, the error on the burst recurrence time
is disregarded in this paper. The histogram of burst recurrence
times is presented in Figure 5, which shows that most recurrence
times fall within 1–2 h, with a Gaussian fit indicating a most
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Fig. 5. Histogram of the burst recurrence time. The black dashed lines
are separated by 1.3 h. The range of the x-axis is artificially limited to
0–7 h.

probable value of 1.3 h. The dashed lines in Figure 5 are sep-
arated by 1.3 h; another concentrated distribution is noticeable
around 2.6 h, with data being slightly more scattered around the
other three dashed lines. Manual examination of the light curves
confirmed the presence of bursts, suggesting that these additional
data clusters could correspond to the primary burst recurrence
time of approximately 1.3 h but are influenced by observational
gaps. The samples are presented in Figure 6. Figure 6 presents
two unscreened light curves with different periods. In the top
panel of Figure 6, green dashed lines indicate half-recurrence
times where no bursts are present, demonstrating effective detec-
tion without Earth obstruction. The absence of bursts at these
moments implies that we are observing a reliable fundamen-
tal recurrence time, not mistaking harmonic recurrence times
for the base frequency due to observational gaps. In the bot-
tom panel of Figure 6, the red dashed and dotted line represents
the expected location of the burst if it were not obscured by the
Earth, which in turn indicates that the observed harmonic burst
recurrence time is caused by observational gaps. Inspired by
Ubertini et al. (1999), we propose that the detected type-I bursts
have a quasi-periodic property, which is corroborated by the tem-
poral evolution of burst recurrence times illustrated in Figure 2.
The red triangles in Figure 2 represent the burst occurrence time
against their recurrence time, demonstrating that most recur-
rence times vary alongside the outburst, following a coherent
trend. Some bursts diverge from this primary trend, display-
ing multiple relationships to it, likely due to observational gaps
outside the GTI of the space telescope. Therefore, MAXI J1816–
195, as an accreting millisecond pulsar, was found to behave like
a clocked burster with quasi-periodic type-I bursts.

In the case of the clocked burster, while the burst profiles
may vary slightly at different times, they generally maintain con-
sistency and are of a similar appearance (Galloway et al. 2004).
A comparable behavior has been noted for MAXI J1816–195.
Bult et al. (2022c) analyzed 15 type-I bursts observed by NICER.
The occurrence times of these bursts are presented by the black
arrows in Figure 2, and their burst profiles are shown in Figure 2
in Bult et al. (2022c). It can be seen that there is a slight evolu-
tion in the profile of the decay phase of the burst; after the peak
of the burst, the count rate declines more rapidly as the outburst
progresses.

3.3. Variation of burst recurrence time with persistent flux

Figure 2 shows the evolution of the burst recurrence time against
the occurrence time of the burst for MAXI J1816–195. By
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Fig. 6. Sample of unscreened light curves of Insight-HXMT. The sharp
peaks in the light curves represent the bursts, which occur at regu-
lar intervals. The blue rectangles in each panel indicate the periods of
observation obscured by the Earth. The top and bottom panels corre-
spond to different observational periods, with the burst recurrence times
being approximately 1.6 h for the top panel and 1.2 h for the bottom
panel.

focusing on the fundamental burst recurrence time (1–2 h) (as
mentioned above, the multiplicity may be the result of missing
observations), the minimum burst recurrence time occurs near
MJD 59740.630 with 1.15 h. The behavior of burst recurrence
times during the rising and fading phases appears asymmetri-
cal. The relationship between the bolometric persistent flux and
the recurrence time of these bursts is shown in Figure 7. There
is an overall trend of decreasing burst recurrence time as the
bolometric flux increases, which is evident in both phases.

4. Discussion

4.1. First clocked burster source in AMXPs system

We report the burst recurrence properties of the newly discov-
ered transient accreting millisecond pulsar MAXI J1816–195
observed by Insight-HXMT and NICER. We find that the bursts
occurring during the outburst are quasi-periodic, with a recur-
rence time ranging from approximately 1.15–2 h, confirming
MAXI J1816–195 as a newly identified clocked burster. Four
sources known to exhibit quasi-periodic type-I X-ray bursts
have been recognized as clocked burster systems: GS 1826–24
(Ubertini et al. 1999), GS 0836–429 (Aranzana et al. 2016),
KS 1731–260 (Cornelisse et al. 2003), and 1RXS J180408.9–
342058 (Fiocchi et al. 2019). Apart from GS 1826–24, the other
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Fig. 7. Two branches of the burst recurrence time-persistent flux
relation; the bolometric persistent flux corresponding to the burst
recurrence time is obtained by interpolation. Red points show branch
one, the rising phase (MJD 59738.310–MJD 59739.361). Blue points
show branch two, the fading phase (MJD 59739.361–MJD 59746.740).
Arrows represent the time evolution.

three sources only displayed quasi-periodic type-I X-ray behav-
ior for short periods. GS 1826–24 is the first clocked system
to be observed and investigated in detail (Ubertini et al. 1999;
Galloway et al. 2004; Thompson et al. 2008), with a burst recur-
rence time of about 5.76 h (Ubertini et al. 1999). Long-term
studies of GS 1826–24 have shown that the burst recurrence time
maintains a steady relationship with luminosity during the hard
state, decreasing gradually from 5.74 h to 3.56 h as the luminos-
ity rises within the observed range of 0.053 LEdd to 0.089 LEdd
(assuming a source distance of 6 kpc and the Eddington luminos-
ity for a typical neutron star of 1.8×1038 erg/s) (Galloway et al.
2004). These X-ray bursts are certified as mixed H/He bursts
and exhibit similar profile shapes (Galloway et al. 2004). This
result suggests that type-I X-ray bursts can display quasi-periodic
behavior within a certain luminosity range, aligning with the
theoretical expectation (Lampe et al. 2016). MAXI J1816–195
also exhibits similar features, but on the timescale of a much
shorter outburst (∼30 days), quasi-periodic H/He type-I burst
behavior is observed (Bult et al. 2022c; Chen et al. 2022). Thus,
although periodic bursts may require steady accretion or com-
parable quantities of material accumulation, their accretion rates
can produce variations on the order of days. Assuming that the
peak of the brightest burst reaches the Eddington luminosity
(Chen et al. 2022), we estimate that quasi-periodic bursts occur
within the luminosity range of 0.066 LEdd to 0.167 LEdd. This
luminosity range coincides with that of GS 1826–24, and sug-
gests that quasi-periodic bursts may occur across a broader range
of luminosities.

An interesting characteristic of GS 1826–24 is the anti-
correlation between its burst recurrence time and the bolometric
persistent flux in the hard state (Galloway et al. 2004; Chenevez
et al. 2016). In the case of MAXI J1816–195, we observe two dis-
tinct tracks during the rising and fading phases of the outburst,
both exhibiting an anti-correlation between burst recurrence time
and bolometric persistent flux. Cavecchi et al. (2020) showed
that burst recurrence time does not show an anti-correlation
with luminosity (accretion rate), even within the same burst
regime. Some sources experience a turnover in burst recurrence
time (burst rate) when the luminosity (accretion rate) exceeds a
critical value, typically ∼10% of the Eddington value (a more
detailed discussion is provided by Galloway et al. 2020). This
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phenomenon can be explained by the expansion of the stable
burning zone on the surface of the neutron star as the accretion
rate increases, which ultimately affects the unstable burning and
alters the burst recurrence time. Cavecchi et al. (2020) identified
an empirical correlation between the Eddington ratio of this crit-
ical luminosity and the spin frequency of the neutron star. Using
the spin frequency of MAXI J1816–195 and the aforementioned
correlation, we can estimate the corresponding Eddington ratio
for this source. With a spin frequency of 528.6 Hz for MAXI
J1816–195, an Eddington ratio (1.4 M⊙) of ∼0.08 LEdd can be
estimated from Figure 4 in Cavecchi et al. (2020). Despite the
unknown distance of the source, the peak persistent luminosity
of the outburst of MAXI J1816–195 can be estimated as 0.167
LEdd, assuming that the peak of the brightest burst reaches the
Eddington limit (Chen et al. 2022). This value exceeds the crit-
ical luminosity of ∼0.08 LEdd (Cavecchi et al. 2020), but no
inflection in the burst recurrence time–luminosity relationship
is observed. This discrepancy may be due to the fact that the
Eddington ratio is used as a reference when estimating the per-
sistent luminosity. The Eddington luminosity used above for this
source is estimated by assuming that the peak of the brightest
burst reaches the threshold, which may be underestimated in
practice. If we assume that the maximum luminosity of MAXI
J1816–195 is below 0.08 LEdd, then the luminosity range for
the quasi-periodic burst behavior should be corrected to 0.032–
0.08 LEdd, which is more consistent with the luminosity range of
GS 1826–24.

However, quasi-periodic bursts have been observed in only
four sources, which is significantly fewer than the total number of
known type-I burst sources. Stable and sustained accretion, com-
plete burning of the accreted fuel, and a constant fuel covering
fraction may affect burst triggering and contribute to the scarce
samples of clocked bursters. Furthermore, it should be empha-
sized that none of the previously known clocked burster sources
have displayed a pulsating signal, making MAXI J1816–195 the
first accreting millisecond pulsar to exhibit clocked burster prop-
erties. This discovery may provide new information for the study
of clocked bursters.

4.2. Measurement of bolometric persistent flux

In general, the primary X-ray emission is contained within the
energy range of 0.1–200 keV. The measurement of the bolomet-
ric flux relies on extrapolating the energy spectrum measured
within a narrow energy range (Anastasopoulou et al. 2022).
The determination of the bolometric flux may be limited by the
energy range of the instrument used. Therefore, broad energy
band observations are crucial for constraining the relationship
between the burst recurrence time and the bolometric persistent
flux.

Using the standard quasi-periodic burst behavior of the
source GS 1826–24 (Ubertini et al. 1999; Galloway et al. 2004)
as an example, some observations of RXTE occasionally show a
deviation from the monotonous burst recurrence time–flux rela-
tionship. This deviation was eventually corrected by the addition
of a soft component, by using XMM-Newton data in a lower
energy band (Thompson et al. 2008). Therefore, observations
across a broad energy spectrum are crucial for constraining the
persistent flux, which can significantly influence the observed
burst recurrence time–flux relationship. Unfortunately, no XMM-
Newton observations are available for the outburst of MAXI
J1816–195 in the data archive. Nevertheless, the lack of low-
energy coverage should not pose a significant problem for MAXI
J1816–195, thanks to the combined data from Insight-HXMT

and NICER, which extend down to 1 keV. The energy spectrum
can be well fitted with the physical model diskbb plus the ther-
mal compton spectrum Nthcomp, without the need for additional
components.

4.3. Ignition variability

MAXI J1816–195 exhibits a burst recurrence time evolution sim-
ilar to that of the classical clocked burster GS 1826–24. However,
MAXI J1816–195 shows an inconsistent pattern in the rising and
fading phases of the outburst. Specifically, the burst recurrence
time during the rising phase is generally longer than during the
fading phase when comparing similar flux levels. This result
indicates that MAXI J1816–195 may have undergone a hysteresis
phenomenon.

This phenomenon can be considered from two perspectives.
The first is the variation in burst recurrence times at a consistent
observed persistent flux. The second is the variation in observed
persistent flux at consistent burst recurrence times. Burst produc-
tion is, however, significantly influenced by the accretion rate.
Therefore, correlating either the burst recurrence time or the
observed persistent flux with the accretion rate leads to vary-
ing interpretations of the phenomenon depicted in Figure 7. If
the observed persistent flux is assumed to correspond one-to-one
to the source’s accretion rate, this implies that bursts are trig-
gered earlier or later for the same accretion rate of the rising and
fading phases, which may come from the different fuel compo-
sitions of the bursts at rising and fading phases. Variations in the
H-abundance of the fuel can alter the ignition conditions of a
burst, which may lead to the triggering of bursts earlier or later
than expected. The variation in fuel composition was employed
to explain the differing burst rates observed during the rising
and fading phases of the 2008 outburst in IGR J17473–2721, as
discussed by Chenevez et al. (2011).

The fuel composition in bursts is typically estimated using
the α-factor (Galloway et al. 2008). In bursts where the fuel is
H-dominated, the α-factor is below 100. However, the precision
of the α-factor is contingent upon the measurement accuracy of
the persistent flux, burst fluence, and burst recurrence time. For
this study, we used the burst fluences reported by Chen et al.
(2022), along with the persistent flux and burst recurrence time
data obtained herein, to calculate the α-factor. Given that most
bursts lack LE observations (in the low-energy band), only those
bursts with both LE and ME observations and precise persistent
flux measurements were considered. Table 2 presents the precise
α-factor for the bursts observed by Insight-HXMT. It appears
that there is no significant variation in the α-factor between
MJD 58738.788469 and MJD 599744.158801, which seems to
contradict the changes in α-factor reported for different bursts by
Bult et al. (2022c). However, it is worth noting that the α-factors
of the last two bursts mentioned in Bult et al. (2022c) occur in
the end phase of the outburst and the measurement of their per-
sistent flux is limited by the observed energy bands of NICER.
Among the α-factor results presented in this paper (Table 2),
only one burst (MJD 59738.788469) occurred during the rising
phase of the outburst. Therefore, it is challenging to ascertain
whether a difference in α-factor exists between the rising and
fading phases of the outburst, which may be responsible for the
observed hysteresis in burst recurrence.

4.4. Variation of radiation geometry

As mentioned in Section 4.3, if we assume stable and sus-
tained accretion and consistent burst triggering conditions, the
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Table 2. Parameters of bursts observed by both LE and ME.

Time Fluence Persistent flux Persistent luminosity Burst recurrence time α
MJD (10−8 erg/cm2) (10−9 erg/cm2/s) (LEdd) (h)

59738.788469 96.6+1.2
−1.1 11.2+0.1

−0.1 0.139 1.50 62.2+1.1
−0.9

59739.978686 100.9+1.1
−1.1 13.3+0.3

−0.3 0.166 1.31 62.5+1.7
−1.7

59740.837415 94.5+1.1
−1.1 12.8+0.2

−0.1 0.159 1.26 61.4+1.1
−1.0

59744.092169 101.6+1.0
−1.0 10.4+0.0

−0.0 0.130 1.55 56.9+0.6
−0.6

59744.158801 97.5+1.0
−1.0 10.2+0.2

−0.2 0.127 1.60 60.2+1.3
−1.3

Notes. The Fluence of bursts are obtained by Chen et al. (2022). The persistent luminosity are given by dividing the persistent flux by the observed
maximum burst peak flux, assuming that the maximum burst peak reaches the Eddington luminosity.
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Fig. 8. Relation between the burst recurrence time and the bolomet-
ric persistent flux of different spectral components. Top panel: burst
recurrence time vs. the bolometric persistent flux of diskbb. The red
and blue points represent the rising and fading phases of outburst,
respectively. Bottom panel: same as top panel, but with the bolomet-
ric persistent flux of Nthcomp.

burst recurrence time can reflect the real accretion rate of the
source. The discrepancy in bolometric persistent fluxes observed
during the rising and fading phases at identical burst recur-
rence times might indicate a mismatch between the observed
flux and the real accretion rate. Previous studies of LMXB sys-
tems based on timing and spectral analysis indicate that the
persistent bolometric flux does not directly point to the accre-
tion rate (van der Klis et al. 1990), despite common assumptions
of their one-to-one correlation. The different bolometric persis-
tent fluxes during the rising and fading phases at the same burst

recurrence might result from the variation of radiative anisotropy
between the rising and fading phases. The observed persistent
flux is inversely proportional to the degree of anisotropy in a
way shown by Equation (2) in Galloway et al. (2004). The dis-
tinct energy spectrum differences between the rising and fading
phases imply corresponding alterations in accretion geometry,
potentially causing varying radiative anisotropies. The radiation
pattern for X-ray binaries is in general considered to include
a multiple temperature blackbody of the disk and a Compton-
spectrum contributed by the corona (Done et al. 2007). The
corona covers both sides of the disk or the neutron star and varies
throughout the outburst and could be affected by thermonuclear
bursts (Chen et al. 2022). Although spectra with similar bolo-
metric persistent fluxes are reported in Table 1 for the ending and
initial stages of the outburst’s rising and fading phases, the hard-
ness evolution with intensity (Figure 3) demonstrates significant
changes during the outburst. This rapid decrease in hardness,
indicating spectral softening, suggests dramatic disk or corona
evolution throughout the outburst. To identify which component
predominantly contributes to the flux differences between the
rising and fading phases, we examined each component’s bolo-
metric flux from diskbb and Nthcomp as displayed in Figure 8.
The relative magnitude of the flux in the rising and fading
phases is different for the component of diskbb and Nthcomp.
Both components show a hysteresis phenomenon, but in opposite
ways. The bolometric flux of Nthcomp shows the same trend as
that shown in Figure 7, but with larger flux differences between
the rising and fading stages at the same burst recurrence time.
However, the bolometric flux of diskbb shows the opposite
trend to that shown in Figure 7. This indicates that the hysteresis
effect of the total flux is primarily determined by the Nthcomp
component, originating from the corona.

The more dominant corona emission (e.g., a higher flux
accompanied by a smaller spectral index and larger inner accre-
tion radius) of the rising phase may correspond to an accretion
geometry whereby the inner disk region is filled by corona and
hence the overall accretion geometry of the rising phase could
resemble that shown in Figure 9a. A steeper spectrum (e.g., a
larger spectral index) in the fading phase could be the result of
a decreased contribution from the corona. Accompanied with a
smaller inner accretion radius as shown in Table 1, the accre-
tion geometry in the fading phase may be in a form similar
to that shown in Figure 9b, where the corona is thinner in the
inner region than inthe outer region. The varying inclinations
of the corona with respect to the observer can modulate the
observed fluxes during the rising and fading phases. Considering
the optical depth of the corona of τ ∼ 5, as reported by Chen
et al. (2022), the corona is optically thick, which can contribute
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Fig. 9. Possible accretion geometries of rising (panel a) and fading
(panel b) phases within the same bolometric persistent flux.

to an inclination effect. Taking into account the observational
inclination angle, changes in accretion geometry could result
in apparent differences in observed flux under constant accre-
tion rates: a distant observer would perceive a lower flux during
the fading phase. In other words, the hysteresis phenomenon
observed in MAXI J1816–195 might be due to an apparent
decrease in flux during the fading phase if the corona presents
a larger viewing angle (and correspondingly a smaller projected
area) to the distant observer. The bottom panel of Figure 8
demonstrates that the corona’s bolometric flux during the rising
phase is approximately 18% greater than during the fading phase
for equivalent burst recurrence times. Given that the corona is
optically thick (τ ∼ 5), we can apply the anisotropy factor of
ξ−1

p = 2 |cos θ| derived by He & Keek (2016) for a flat, optically
thick situation with an average corona inclination of 45◦. The
observed 18% change in flux could be explained by a variation
in corona inclination of ∼10◦.

5. Conclusion

We elucidate the burst recurrence properties of the newly discov-
ered accreting millisecond pulsar MAXI J1816–195 using high-
cadence observations obtained using Insight-HXMT and NICER
during the outburst. We find that several quasi-periodic bursts
show hysteresis in their recurrence time evolution with bolomet-
ric persistent flux. These discoveries provide new clues as to the
relationship between the burst and the accretion environment.
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Appendix A: Insight-HXMT and NICER observations

Table A.1. The exposure times and observed burst peak times of Insight-HXMT observations.

Insight-HXMT ObsID Obs. Time LE exposure ME exposure HE exposure Burst peak time
MJD s s s MJD

P040427500101-20220608-01-01 59738.17 0.001 2070.65 2305.97 59738.235514
59738.310226

P040427500102-20220608-01-01 59738.32 0.00 2141.64 2943.39 59738.381742
59738.452743

P040427500103-20220608-01-01 59738.46 0.00 1843.74 673.88 59738.523871
59738.593037

P040427500104-20220608-01-01 59738.60 0.00 2257.81 3352.29 59738.660718
59738.726135

P040427500105-20220608-01-01 59738.74 0.00 2290.95 3070.70 59738.788469
59738.850320

P040427500106-20220608-01-01 59738.87 0.00 1424.24 1883.39 –
P040427500107-20220608-01-01 59739.00 0.00 289.51 374.27 59739.029198
P040427500201-20220609-01-01 59739.10 0.00 1521.29 1018.44 59739.197655
P040427500202-20220609-01-01 59739.24 0.00 2231.51 3120.27 59739.306394

59739.361104
P040427500203-20220609-01-01 59739.38 0.00 1774.80 1040.89 –
P040427500204-20220609-01-01 59739.52 0.00 1979.01 2357.64 59739.584358

59739.640607
P040427500205-20220609-01-01 59739.66 0.00 2397.24 3192.15 59739.697253

59739.753989
P040427500206-20220609-01-01 59739.79 0.00 1923.27 2659.73 59739.923965
P040427500207-20220609-01-01 59739.93 0.00 487.72 642.72 59739.978686
P040427500301-20220610-01-01 59740.02 0.00 953.17 372.87 –
P040427500302-20220610-01-01 59740.16 0.00 2354.57 2845.29 59740.231416
P040427500303-20220610-01-01 59740.31 0.00 1816.24 1578.13 59740.431163
P040427500304-20220610-01-01 59740.45 0.00 1994.50 1677.22 59740.481845

59740.582062
P040427500305-20220610-01-01 59740.59 118.70 2401.86 3315.07 59740.629846

59740.680922
P040427500306-20220610-01-01 59740.72 119.70 2281.31 3045.79 59740.785066

59740.837415
P040427500307-20220610-01-01 59740.85 0.00 1388.70 1844.98 59740.889452
P040427500401-20220611-01-01 59741.02 0.00 1168.91 342.79 59741.044740

59741.149843
P040427500402-20220611-01-01 59741.15 0.00 2312.04 2848.67 –
P040427500403-20220611-01-01 59741.30 0.00 1644.63 1226.02 59741.360746

59741.414056
P040427500404-20220611-01-01 59741.44 0.00 1865.92 1813.59 59741.574138
P040427500405-20220611-01-01 59741.58 0.00 2384.19 3292.92 59741.627913

59741.682543
P040427500406-20220611-01-01 59741.71 179.55 2239.51 3023.82 –
P040427500407-20220611-01-01 59741.85 0.00 835.33 1184.76 59741.901672
P040427500501-20220612-01-01 59742.21 0.00 2281.77 2957.68 59742.238292

59742.352296
P040427500502-20220612-01-01 59742.36 0.00 1432.09 55.90 –
P040427500503-20220612-01-01 59742.50 119.70 2270.60 3461.30 59742.635274
P040427500504-20220612-01-01 59742.64 239.40 2386.15 3162.10 59742.693249

59742.750506
P040427500505-20220612-01-01 59742.77 119.70 1721.88 2540.50 59742.808631

59742.865783
P040427500506-20220612-01-01 59742.91 299.25 1101.94 906.83 –
P040427500601-20220613-01-01 59743.07 179.55 2097.43 1485.88 59743.098049
P040427500602-20220613-01-01 59743.21 0.00 2013.84 2585.18 59743.278350

59743.339288

1 The exposure time of 0.00 means the lack of good times. Before MJD 59740.59, the exposure time of LE is seriously missing.
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Table A.1. continued.

Insight-HXMT ObsID Obs. Time LE exposure ME exposure HE exposure Burst peak time
MJD s s s MJD

P040427500603-20220613-01-01 59743.35 0.00 1301.78 0.00 59743.401848
59743.463339

P040427500604-20220613-01-01 59743.49 299.25 2166.04 3434.36 –
P040427500605-20220613-01-01 59743.63 418.95 2300.44 3144.48 –
P040427500606-20220613-01-01 59743.77 179.55 1636.91 2507.45 –
P040427500607-20220613-01-01 59743.90 359.10 1042.03 715.95 59743.962852

59744.027644
P040427500608-20220614-02-01 59744.03 119.70 1456.34 815.20 59744.092169

59744.158801
P040427500609-20220614-02-01 59744.16 0.00 2129.29 2639.13 559744.223941

59744.288490
P040427500610-20220614-02-01 59744.30 0.00 1216.53 906.00 –
P040427500611-20220614-02-01 59744.43 119.70 1802.48 2151.66 59744.489369

59744.556823
P040427500612-20220614-02-01 59744.56 478.80 1786.54 3248.00 59744.625389
P040427500613-20220614-02-01 59744.69 179.55 1846.17 2965.81 –
P040427500614-20220614-02-01 59744.83 299.25 1356.85 1809.98 –
P040427500615-20220614-02-01 59744.96 359.10 590.28 18.04 –
P040427500701-20220615-01-01 59745.45 0.00 2367.61 3751.08 59745.523554

59745.597108
P040427500702-20220615-01-01 59745.62 559.60 2137.07 3102.19 59745.671026

59745.745691
P040427500703-20220615-01-01 59745.75 299.25 832.01 1206.20 –
P040427500801-20220616-01-01 59746.64 718.20 1891.89 2744.30 59746.660170

59746.740482
P040427500802-20220616-01-01 59746.78 1017.45 1437.75 1888.18 –
P040427500803-20220616-01-01 59746.90 1642.88 2490.95 1451.13 –
P040427500901-20220617-01-01 59747.70 0.00 1684.30 0.00 59747.733596
P040427500902-20220617-01-01 59747.83 1337.65 1557.56 0.00 –
P040427500903-20220617-01-01 59747.96 1077.30 1856.33 0.00 59747.992030
P040427501001-20220618-01-01 0.00 0.00 0.00 0.00 59749.368858
P040427501201-20220620-01-01 59750.29 299.25 2249.24 2308.32 59750.418652
P040427501301-20220621-01-01 59751.28 342.14 2191.86 2142.02 59751.305018

59751.417263
P040427501401-20220622-01-01 59752.67 1256.85 2952.30 4020.98 –
P040427501501-20220623-01-01 59753.46 1316.70 2841.37 3663.17 –
P040427501502-20220623-01-01 59753.63 658.35 1986.74 2772.02 –
P040427501503-20220623-01-01 59753.76 1136.15 2112.44 1080.79 –
P040427501504-20220623-01-01 59753.89 957.60 1995.03 1734.80 –
P040427501505-20220624-02-01 59754.03 538.65 927.78 1719.12 –
P040427501506-20220624-02-01 59754.13 0.00 1656.17 102.29 –
P040427501507-20220624-02-01 59754.29 0.00 987.35 1369.48 –
P040427501801-20220625-01-01 59755.78 1077.30 3253.80 1264.93 –
P040427501901-20220626-01-01 59756.77 1197.00 3305.46 1176.89 59756.858014
P040427502001-20220627-01-01 59757.50 478.80 3005.89 3950.41 59757.651846
P040427502002-20220627-01-01 59757.67 1007.48 2198.66 1489.41 –
P040427502003-20220627-01-01 59757.80 658.35 1136.27 0.00 –
P040427502101-20220628-01-01 59758.56 837.90 3249.67 4212.65 59758.583665
P040427502201-20220629-01-01 59759.35 1316.70 6044.48 7624.85 –
P040427502301-20220630-01-01 59760.35 119.70 2672.30 3552.71 –
P040427502302-20220630-01-01 59760.51 957.60 2114.81 2773.53 –
P040427502303-20220630-01-01 59760.64 478.80 1141.03 1062.35 –
P040427502401-20220705-01-01 59765.05 1459.34 1732.31 1817.42 –
P040427502402-20220705-01-01 59765.21 1795.50 1776.84 2343.89 –
P040427502403-20220705-01-01 59765.34 0.00 913.80 1258.42 –
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Table A.2. The exposure times and observed burst peak times of NICER observations.

NICER ObsID Obs. Time exposure Burst peak time
MJD s MJD

5202820101 59737.61 15.00 –
5202820102 59738.32 1210.00 –
5533010101 59738.77 2325.00 59738.788466

59738.970584
5533010102 59739.35 3127.00 59739.361082
5533010103 59740.02 9177.00 59740.532028

59740.785072
5533010104 59741.61 2201.00 59741.627912
5533010105 59742.25 3869.00 59742.408202

59742.465123
5533010106 59743.09 10797.00 59743.098008
5533010107 59744.01 3441.00 –
5533010108 59747.82 675.00 –
5533010801 59746.14 4987.00 59746.339244
5533010901 59747.16 5099.00 59747.302388

59747.561346
5533010902 59748.01 1443.00 –
5533011001 59748.15 5504.00 –
5533011101 59749.18 2493.00 –
5533011201 59750.13 2330.00 –
5533011301 59751.75 1988.00 59751.751384
5533011401 59752.65 1712.00 –
5533011501 59753.30 5213.00 –
5533011502 59754.92 613.00 –
5533011503 59755.24 1263.00 –
5533011601 59754.15 2373.00 59754.155046

59754.282615
5533011701 59755.50 1653.00 –
5533011801 59756.02 1236.00 –
5533012101 59759.29 1131.00 –

A47, page 11 of 11


	Burst-recurrence properties revealed with Insight-HXMT and NICER for the newly discovered accreting millisecond pulsar MAXI J1816–195
	1 Introduction
	2 Observations and data analysis
	3 Results
	3.1 The outburst evolution
	3.2 Quasi-periodic thermonuclear X-ray bursts
	3.3 Variation of burst recurrence time with persistent flux

	4 Discussion
	4.1 First clocked burster source in AMXPs system
	4.2 Measurement of bolometric persistent flux
	4.3 Ignition variability
	4.4 Variation of radiation geometry

	5 Conclusion
	Acknowledgements
	References
	Appendix A: Insight-HXMT and NICER observations


