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Abstract

We report the temporal and spectral analysis of three thermonuclear X-ray bursts from 4U 1608−52, observed by
the Neutron Star Interior Composition Explorer (NICER) during and just after the outburst observed from the
source in 2020. In two of the X-ray bursts, we detect secondary peaks 30 and 18 s after the initial peaks. The
secondary peaks show a fast rise exponential decay-like shape resembling a thermonuclear X-ray burst. Time-
resolved X-ray spectral analysis reveals that the peak flux, blackbody temperature, and apparent emitting radius
values of the initial peaks are in agreement with X-ray bursts previously observed from 4U 1608−52, while the
same values for the secondary peaks tend toward the lower end of the distribution of bursts observed from this
source. The third X-ray burst, which happened during much lower accretion rates, did not show any evidence for a
deviation from an exponential decay and was significantly brighter than the previous bursts. We present the
properties of the secondary peaks and discuss the events within the framework of short recurrence time bursts or
bursts with secondary peaks. We find that the current observations do not fit in standard scenarios and challenge
our understanding of flame spreading.

Unified Astronomy Thesaurus concepts: X-ray bursters (1813)

1. Introduction

Neutron stars in low-mass X-ray binaries (LMXBs) often
exhibit sudden flashes of X-rays called type I X-ray bursts.
These events typically last only about tens of seconds and show
a characteristic morphology, that is, fast rise and exponential
decay. Time-resolved X-ray spectral studies of these events
show that the burst spectra can be described with an evolving
Planckian function (kT∼ 1–3 keV), and the total energy
released in such bursts can be anywhere in the range 1038–39

erg (see Lewin et al. 1993, Strohmayer & Bildsten 2006, and
Galloway & Keek 2017 for detailed reviews of type I X-ray
bursts).

The X-ray bursts are attributed to the unstable fusion of
hydrogen and/or helium present in the material accreted onto
the neutron star; therefore, they are also called thermonuclear
X-ray bursts. Galloway et al. (2008, 2020) provided up-to-date
catalogs and analyses of an extensive sample of thermonuclear
bursts spanning a wide range of characteristics. The burning
primarily depends on the mass accretion rate onto the surface
(Fujimoto et al. 1981), although various other physical factors,
like metallicity and the compactness of the neutron star, also
play a role (Bildsten 1998; Narayan & Heyl 2003).

Almost all of the existing scenarios suggest that the material
needs to accumulate for a certain period of time for the next X-ray
burst to happen, and most of the fuel is burned during a burst, with
only a thin layer of ashes remaining (Lewin et al. 1987; van
Paradijs et al. 1988; Fisker et al. 2008; José et al. 2010). The
recurrence time of X-ray bursts depends strongly on the mass
accretion rate and typically can be hours or longer. However,
X-ray bursts with even shorter recurrence times have been
observed. These events are generally referred to as short waiting
time (SWT) bursts, where the waiting time is defined to be less
than 45 minutes (Keek & Heger 2017); however, bursts with
recurrence times as short as only a few minutes have been
observed from several sources, including EXO0748−676 (Gott-
wald et al. 1987; Boirin et al. 2007; in’t Zand et al. 2009), GS 0836
−429 (Aoki et al. 1992), 4U 1608−52 (Murakami et al. 1980), 4U
1705−440 (Langmeier et al. 1987), the Rapid Burster (Bagnoli
et al. 2014), GRS 1747−312 (in’t Zand et al. 2003), and several
others (Keek et al. 2010; Linares et al. 2012; Grebenev &
Chelovekov 2017, 2018). In some cases, triple or even quadruple
SWT bursts have been observed (Keek et al. 2010), including an
event observed from 4U 1636−536 (Zhang et al. 2009).
The SWTs between X-ray bursts are not very well under-

stood within the framework of classical thermonuclear flash
scenarios because of the fact that the waiting times in between
the X-ray bursts are often too short to accrete enough material
and start another ignition. The secondary bursts within these
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events are thought to be caused by the burning of residual fuel
that remained from the primary burst. This was first
demonstrated by Fujimoto et al. (1981) using several mechan-
isms, like an incomplete nuclear flame, fuel storage, and a
mixing mechanism with new accreted material. Keek & Heger
(2017) suggested that second bursts must be powered by fuel
remaining from the previous explosion given the fact that these
events are typically less bright and have shorter durations. The
SWT burst events have been observed more frequently in
sources where the accreted material is hydrogen-rich and the
neutron star spin frequency is larger than >500 Hz (Keek et al.
2010). Boirin et al. (2007) suggested that stochastic processes
associated with fast rotation may play an important role in the
occurrence of SWT burst events.

In addition to bursts with short recurrence times, there is also
another group of X-ray bursts where secondary peaks are
observed; these events are called double-peaked bursts (see,
e.g., Sztajno et al. 1985; Bhattacharyya & Strohmayer 2006a,
2006b). Some examples of observations of these rare events
include X-ray bursts from 4U 1636−536 (Zhang et al. 2009),
4U 1608−52 (Penninx et al. 1989; Galloway & Keek 2017;
Jaisawal et al. 2019), GX 17+2 (Kuulkers et al. 2002), and
4U 1709−267 (Jonker et al. 2004). Unlike in standard type I
bursts, during these events, the X-ray intensity reaches a peak
followed by a decline and another subsequent rise. The
secondary peak can reach similar intensity levels as the initial
peak, and the peaks are separated by a few seconds. Most
recently, Li et al. (2021) studied 16 multipeaked X-ray bursts
observed from 4U 1636−536 with the Rossi X-ray Timing
Explorer (RXTE). They found an anticorrelation between the
peak flux of the secondary peaks and the separation time
between the peaks. They also found that the ratio of the peak
fluxes of the peaks in bursts are correlated with the temperature
of the thermal component in the preburst spectra and concluded
that double peaks may be related to the accretion rate in the
disk or the temperature of the neutron star.

Bhattacharyya & Strohmayer (2006a, 2006b) suggested that
in these cases, the X-ray burst is ignited at or around one of the
poles and propagates toward the equator. As the burning front
propagates toward the equator, due to either acting Coriolis
forces (Bhattacharyya & Strohmayer 2007) or the effect of the
magnetic field at the surface (Payne & Melatos 2006), it stalls for
a few seconds, causing a decline in the X-ray intensity. As the
burning front continues to propagate toward the opposite pole,
the intensity increases again. Note that Cavecchi et al.
(2013, 2015) investigated possible mechanisms for stalling near
the equator and concluded that the Coriolis effects alone may not
be enough to stall the front; however, their simulations do not
take into account the effects of ongoing accretion and magnetic
fields. As an alternative, Fisker et al. (2004) suggested that the
stall may be caused by the waiting points in the nuclear reaction
chain; however, such a scenario falls short of a complete
explanation of the burst profile characteristics.

The transient LMXB 4U 1608−52 has been a well-known
X-ray burster since its first detection with the two Vela-5
satellites (Belian et al. 1976). It is classified as an atoll source
based on spectral and timing properties by Hasinger & van der
Klis (1989). The detection of the burst oscillations from the
source suggests that the spin period of the neutron star is
∼620 Hz (Muno et al. 2002). Wachter et al. (2002) used the
observed periodic modulation in the I-band data to claim an orbital
period for the system as 12.9 hr. Wachter et al. (2002) argued that

if the companion is assumed to be a main-sequence star, then
existing observations indicate an F- to G-type donor. Using the
observed X-ray bursts with RXTE, first Güver et al. (2010) and
later Özel et al. (2016) determined a number of physical parameters
of the system. Using red clump giants and soft X-ray observations,
the distance of 4U 1608−52 is determined to most likely be
4 kpc or even larger (Özel et al. 2016). The Eddington limit
of the source was also measured at (3.54± 0.38)× 1038 erg s−1 (or
(18.5± 2.0) × 10−8 erg s−1 cm−2) using the touchdown fluxes
measured during thermonuclear X-ray bursts. Throughout the
paper, we use these values as our reference.
The Multi-INstrument Burst ARchive (MINBAR) reports

147 bursts in the RXTE, BeppoSAX, and INTEGRAL archives
from this source (Galloway et al. 2020). Using Hakucho,
Murakami et al. (1980) detected X-ray bursts separated by
about 10 minutes. Furthermore, Keek et al. (2010) reported the
detection of SWT burst events using an earlier version of the
MINBAR catalog. In the final version of the MINBAR catalog
(Galloway et al. 2020), there are several bursts separated by as
little as 6 minutes (with MINBAR burst IDs 2218, 1619, 2885,
7497, and 7498) observed either by RXTE/PCA or INT-
EGRAL JEM-X. Jaisawal et al. (2019) reported the detection
with NICER of a secondary peak in the cooling tail of an X-ray
burst showing photospheric radius expansion in a soft state.
The soft X-ray sensitivity of NICER allows for the comparison
and testing of models based on the effects of absorption to
those that rely on stalling of flame propagation or additional
burning (Jaisawal et al. 2019).
From 2020 May 27 to roughly August 19, 4U 1608−52 was

in an outburst state. This outburst was monitored by Swift/
BAT and the Monitor of All-sky X-ray Image (MAXI;
Matsuoka et al. 2009). Starting on June 4, NICER performed
a high-cadence campaign to monitor the evolution of 4U 1608
−52 during the whole outburst. A detailed analysis of the
NICER data set regarding the spectroscopic evolution of the
system during the outburst is ongoing and will be reported in a
forthcoming paper. Within these observations, we detected two
X-ray bursts, each showing clear secondary peaks 30 and 18 s
after the initial peaks and a third burst just after the outburst. In
this paper, we concentrate on the temporal and spectral
analyses of these X-ray bursts, especially the secondary peaks
and their nature.

2. Observation and Data Analysis

On board the International Space Station (ISS), NICER
contains 56 X-ray concentrator optics and silicon drift detector
pairs (52 of which were active during the observations presented
here) to provide a large effective area in the 0.2−12 keV band
(Gendreau et al. 2012, 2017). According to MAXI, 4U 1608−52
started an outburst on 2020 May 27. NICER started observing the
source on 2020 June 4 and continued to monitor the evolution of
the outburst comprehensively. The MAXI light curve and NICER
coverage are shown in Figure 1, together with the detected
thermonuclear bursts. A total unfiltered exposure time of 283 ks
with 78 different observations is obtained with NICER up to 2020
September 14 (see Figure 1). These observations cover ObsID
3050070101 and all observations with IDs 365702xxxx, where
xxxx changes from 0101 to 9906.
After applying standard filtering criteria using HEASOFT

v.6.27.2, NICERDAS v7a, and the calibration files as of 2020
July 27, we had a total of 174 ks clean exposure time. We
searched for X-ray bursts including the unfiltered data and found
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that within this rich data set, NICER detected three type I X-ray
bursts that occurred on June 23 and 26 at around the peak of the
outburst and September 13 just after the end of the outburst.
These bursts were detected in the observations with ObsIDs
3657021501, 3657021801, and 3657029905, which had 2.6 ks,
5.3 ks, and 232 s of effective exposure times, respectively. Note
that the standard screening of the data eliminates the time of
the last X-ray burst. We therefore used the unfiltered data for the
analysis of this burst. Throughout the paper, we refer to these
X-ray burst events as bursts I, II, and III and call the two peaks in
the first two events the initial and secondary. We present the
light curves of these X-ray bursts in Figure 3 and further discuss
below.

An in-depth analysis of the outburst will be presented elsewhere;
however, to put the observed X-ray bursts in perspective, we show
in Figure 1 the 2–20 keV light curve of the outburst as observed by
MAXI from 2020 May 1 to November 11. Compared to the
outbursts observed recently, the 2020 outburst is one of the longest
and brightest events on record. Using X-ray light curves extracted
from the analyzed NICER data binned to have a time resolution of
128 s, we also calculated X-ray hardness–intensity and color–color
diagrams following the energy selection of Jaisawal et al. (2019).
We present these diagrams in Figure 2.

2.1. X-Ray Light Curves

We applied barycenter corrections to the event lists using the
barycorr tool, the JPL DE430 planetary ephemeris, and the
coordinates of the source as R.A. 16h12m43s, decl. 52°25′23 2
(J2000). Using the barycentered events, we generated 0.3−3.0,
3.0−12.0, and 0.3−12.0 keV light curves with a time
resolution of 0.25 s (see Figure 3). The X-ray bursts are clearly
visible 120, 5964, and 5795 s after the start of the observations,
respectively. In the first two bursts, a secondary peak is also
clearly visible in all bands, while the last burst lacks any
evidence of such a structure. In burst I, a secondary peak or
possibly a second burst is visible roughly 30 s after the initial
burst started. In burst II, the secondary peak is even closer to
the initial peak and starts ∼18 s after the burst.

Figure 1. The 2−20 keV MAXI light curve of 4U 1608−52 from daily average measurements from 2020 May 1 to 2020 December 3. The gray dotted lines indicate
the dates of NICER observations, and the red dashed lines show NICER burst times. The sudden rise seen in the MAXI light curve around 50 days after the start of the
outburst is also shown and is a superburst not reported before (W. Iwakiri et al. 2021, in preparation).

Figure 2. Hardness–intensity diagram extracted from all of the observations in
which we searched for an X-ray burst during the outburst. Detected X-ray
bursts are shown with a blue star, red triangle, and orange circle for bursts I, II,
and III, respectively.
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We modeled the 0.3–12 keV burst light curves of 4U 1608
−52 to better characterize the observed bursts. We determined
the preburst count rates by calculating the average of data 50 s
before each burst. For the secondary peak in burst I, we
determined the average using the data 8 s prior to it. These
values, together with the peak count rates, are presented in
Table 1 and show that the initial peak did not yet fully return to
the persistent count rate, but very close to it. In burst II, the
secondary peak happens during the tail. In each case, the peak
count rates of the secondary peaks reached one-third of the
initial peaks.

We calculated the rise times for each X-ray burst, defining
them as the time between the first bin within 1σ of the peak
count rate and the last bin within 1σ of the persistent rate. In
order to determine the exponential decay timescales, we fit the
decay of the X-ray bursts with an exponential function plus a
constant, with the constant fixed to the preburst level. Note that
to better model the decay of burst II, we removed a 10 s interval
covering the secondary peak. The total decay of burst III lasted
for 205 s if we measure from the peak to the preburst level. This
whole interval can be modeled with a double exponential, but
to be able to better compare with the previous X-ray bursts, we
only modeled the decay of the first 50 s after the peak. The
best-fit values are given in Table 1 and further underline the
fast rise and exponential decay nature of the secondary peaks
themselves.

2.2. Time-resolved Spectral Analysis of the Bursts

To analyze the spectral evolution of the X-ray bursts and
better characterize the nature of the secondary peaks, we
performed a time-resolved spectral analysis. For the extraction

of the X-ray burst spectra, we followed a method that is very
similar to what was done by Galloway et al. (2008) or Güver
et al. (2012b). We extracted spectra with 0.5 s time resolution
up to the peak of each X-ray burst. From the peak, we extracted
X-ray spectra with exposure times of 0.5, 1.0, or 2.0 s
depending on the total count rate. We used the up-to-date
response and ancillary response files as in NICER CALDB
release xti20200722; however, note that we removed the
data from focal plane modules 14 and 34 and therefore adjusted
the response and ancillary response files accordingly.
Time-resolved spectral analysis of X-ray bursts is affected by

the persistent emission of the LMXB and needs to be carefully
taken into account (Galloway et al. 2008; Güver et al.
2012a, 2012b; Worpel et al. 2013, 2015). We extracted
X-ray spectra prior to each X-ray burst with an exposure time
of 100 s and modeled this preburst emission. For the spectral
analysis, we utilized Sherpa (Freeman et al. 2001), distributed
with CIAO v4.12. We created background files for each
observation using the nibackgen3C5015 tool. For bursts I
and II, we fit the energy spectrum obtained from this interval
with an absorbed disk blackbody (diskbb) and a blackbody
(bbodyrad) model (Gilfanov et al. 2003). For burst III,
however, adding a blackbody to the disk blackbody component
resulted in unconstrained parameters; we therefore used a
power-law model instead of a blackbody to better characterize
the X-ray spectrum. Note that this last burst is observed at a
low-hard state compared to the earlier bursts (see Figure 2). To
take into account the hydrogen column density, we assumed
the abundance of the interstellar medium and used the tbabs

Figure 3. The X-ray light curve of bursts 1, 2, and 3 from 4U 1608−52. The 0.3−12, 3.0−12.0, and 0.3−3.0 keV light curves are shown in black, blue and red,
respectively. The persistent count rate is subtracted from each light curve.

Table 1
Some Characteristic Properties of the Bursts

Burst I Burst II Burst III
Initial Peak Secondary Peak Initial Peak Secondary Peak

Time (MJD) 59,019.576478 59,022.096125 59,105.212414
Time between peaks (s) 28.00 ± 0.25 18.00 ± 0.25 L
Prior count rate 2978 ± 8 3269 ± 21 2893 ± 8 L 63.7 ± 1.0
Persistent fluxa 2.99 ± 0.01 2.58 ± 0.01 0.22 ± 0.01
Peak count rateb (s−1) 6096 ± 156 4052 ± 127 6660 ± 163 4264 ± 131 2240 ± 94
Peak fluxa 6.2 ± 0.5 1.87 ± 0.2 -

+8.72 0.8
0.6 1.4 ± 0.2 12.64 ± 1.42

Rise time (s) 1.4 0.76 1.93 1.75 4.0
τ 9.13 ± 0.15 10.3 ± 0.5 9.6 ± 0.3 7.2 ± 0.6 11.42 ± 0.26

Notes.
a Unabsorbed bolometric flux in units of ×10−8 erg s−1 cm−2.
b Including the persistent count rate of the source.

15 https://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_tools.html
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model (Wilms et al. 2000). With these models, we are able to
obtain very good fits to the X-ray spectra in the 0.5–10 keV
range. We present the results of these fits in Table 2.

We calculated the X-ray flux in the 0.01−200 keV band based
on the best-fit parameters and found the bolometric unabsorbed
fluxes of the source prior to bursts I, II, and III as Fbol=
(2.99± 0.04)× 10−8, (2.58± 0.01)× 10−8, and (0.22±
0.01)× 10−8 erg s−1 cm−2, respectively. Using the Eddington
limit from Özel et al. (2016), these fluxes indicate that the
persistent emission was 16.16% and 13.95%, 1.19% Eddington.

For the time-resolved spectroscopy of the X-ray burst
emission, we used custom python scripts (Astropy, Astropy
Collaboration et al. 2018; NumPy, Van Der Walt et al. 2011;
Matplotlib, Hunter 2007; and Pandas, McKinney 2010) within

Sherpa. We grouped each spectrum to have at least 50 counts
channel–1 and fit the 0.5−10.0 keV range. We used the best-fit
model for the persistent emission and subtracted only the
instrumental background. On top of that, we added a blackbody
component to account for the additional emission arising from
the X-ray burst. Our fits generally resulted in fairly acceptable
χ2/dof values, with mean values of 1.06/59, 1.05/58, and 1.02/
44 for the first 40 s of each burst. We also tried to add a second
blackbody component (as in Bult et al. 2019) or the so-called fa
model (Worpel et al. 2013, 2015), but apart from a few spectra,
these did not result in a significant improvement in the fits and
resulted in unconstrained parameters for these additional models.
We therefore present only the results for the blackbody models.
The spectral evolution is shown in Figure 4 for both bursts.

Table 2
Best-fit Model Results for Preburst X-Ray Spectra of 4U 1608−52

NH kTin Inner Disk Radius kTBB/Γ RBB Fluxa cn
2/dof

×1022 cm−2 keV Dkm2
10kpc
2 keV Dkm2

10kpc
2

Preburst I 1.40 ± 0.01 1.32 ± 0.09 256.61 ± 53.31 1.96 ± 0.13 76.22 ± 26.07 2.37-
+

0.08
0.10 1.08/590

Preburst II 1.40 ± 0.01 1.17 ± 0.07 372.19 ± 67.06 1.73 ± 0.08 111.91 ± 29.83 2.28 ± 0.01 1.11/666
Preburst III 1.49 ± 0.07 1.50 ± 0.27 11.04 ± 3.6 0.55 ± 0.62 L 0.17 ± 0.01 1.03/122

Note.
a Unabsorbed 0.5−10 keV flux in units of ×10−8 erg s−1 cm−2.

Figure 4. Spectral evolution of burst I (top left panel), burst II (top right panel), and burst III based on blackbody model fits. Apparent emitting radius values are
calculated assuming a distance of 4 kpc. Red vertical lines show the start of the secondary peaks detected. In all panels, the fluxes are bolometric and given in units of
erg s−1 cm−2.
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Time-resolved spectroscopy indicates that the observed X-ray
bursts do not show any evidence for photospheric radius
expansion. We calculated the bolometric fluxes by extrapolating
the best-fit blackbody model to cover the 0.01–200 keV range. We
found that the peak bolometric fluxes reach (6.2± 0.5)× 10−8,
8.72−0.8

+0.6× 10−8, and (12.64± 1.42)× 10−8 erg s−1 cm−2 in each
burst, respectively. These values show that X-ray bursts reach
roughly 33%, 47%, and 68% of the Eddington limit determined
based on earlier observations (Özel et al. 2016). Our spectral
analysis reveals a significant spectral variation associated with the
secondary peaks at the moments we expect from the X-ray light
curves, especially in burst I. In burst II, the spectral variation is not
as evident. Considering that this may be due to our exposure time
determination, we also tried to arbitrarily shorten the exposure
times of the X-ray spectra to 0.5 s to better resolve the spectral
variations; however, this did not necessarily improve the spectral
results. This finding can also be due to the fact that the flux
contribution exclusively due to this peak is significantly less than
that of the secondary peak in burst I, resulting in a smaller impact
on the spectral evolution. Any change due to the secondary peak
may also be harder to accurately measure, as it will be embedded
in the spectral parameter evolution of the initial peak.

At the peak of burst I, the blackbody temperature and apparent
emitting radius values reach kTBB= 2.19± 0.11 keV and R=
6.4± 0.4 km (assuming a distance of 4 kpc). The secondary
peak reaches a maximum flux of Fpeak= (1.87± 0.2)×
10−8 erg s−1 cm−2. We find that at the secondary peak, while
the temperature reaches 2.26± 0.22 keV, similar to the initial
peak, the emitting radius is around 3.3± 0.4 km. This value
corresponds to roughly 51% of the radius measured during the
initial peak. In the case of burst II, at the peak, the temperature
reaches 2.44± 0.13 keV, with an apparent emitting radius of
6.19± 0.4 km. The peak flux of the secondary peak reaches
Fpeak= (1.4± 0.2)× 10−8 erg s−1 cm−2. The temperature and
apparent emitting radius values at the secondary peak are
1.66± 0.13 keV and 5.3−0.6

+0.5 km, respectively. These values
indicate that the secondary peak, in this case, reaches a
somewhat lower temperature while covering a similar area on
the surface compared to its initial peak. On the other hand, for
burst III, the peak flux is found to be Fpeak= (12.64±
1.42)× 10−8 erg s−1 cm−2, and the peak temperature reached
3.21± 0.25 keV. These values are significantly higher than the
previous bursts reported here and indicate the possible affects of
accretion rate on the properties of thermonuclear bursts.

If we fit the evolution of the temperature during burst I with
an exponential decay from the moment the temperature started
to decrease and just before the start of the secondary peak
(4.75–25 s), we find an e-folding timescale of 32± 4 s.
Following a similar method for burst II, we found the
temperature decay timescale of 27.8± 5.5 s when we fit the
data obtained within 3.8–15 s after the burst starts. The
residuals from these fits are shown in Figure 5 and indicate that
in both of the secondary peaks, we see a significant deviation
from the expected decay. These results reveal that the
secondary peaks we report here have their own spectral
signature, which has not been observed before from this source.

Defining the burst duration as the time when the flux is
greater than 5% of the peak (excluding the persistent emission),
the fluence of the initial peak of burst I can be found as
Eb= (48.4± 1.09)× 10−8 erg cm−2, while for the secondary
peak, the fluence is Eb= (9.11± 0.67)× 10−8 erg cm−2. A
similar calculation for burst II is more complicated, given the

fact that the secondary peak happens while the flux is still
higher than 5% of the peak. For burst III, the fluence can be
found as Eb= (1.12± 0.02)× 10−6 erg cm−2.

2.3. Search for Burst Oscillations

We performed a deep dynamic search for burst oscillations
throughout all X-ray burst events. For burst I, we selected all
events in the 0.5−8.5 keV band from the 90 s time segment,
starting from 20 s prior to the peak time. We then performed a
search for each 4 s long segment using the Z2 statistic with one
harmonic (Buccheri et al. 1983) within the frequency interval
of 618–622 Hz. We slid a 4 s long search window with a 1 s
increment and repeated the search in the same frequency range
for each time segment. We finally constructed a dynamic power
spectral density for the entire search interval. We find no
episode in burst I with Z2 power corresponding to the single-
trial significance of at least 4σ, indicating that there are no burst
oscillations. A similar search was performed for burst II in a
70 s long time interval, again starting from 20 s prior to the
burst peak. The resulting power spectral density yields no
episode in burst II with pulsations having single-trial

Figure 5. Residuals from an exponential evolution of the temperature in burst I
(shown in the upper panel) and burst II. The heating and cooling during the
secondary peaks are evident.
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significance of more than 4σ, indicating an absence of burst
oscillation for this event as well. Finally, using a similar
method, we looked for burst oscillations in burst III as well,
starting from 20 s before the onset up to 70 s after the start.
Similarly, we found no significant oscillation candidate in this
event. The upper limits on the amplitude of burst oscillation
during these three bursts were calculated following the
procedure described in Ootes et al. (2017). In this case, we
first took the measured power as the maximum power obtained
in the frequency range searched. Considering this measured
power, we then estimated the signal power as the one for which
the probability of observing the measured power given the
signal power was found to be maximum. The upper limit was
then computed using the relation

⎛
⎝⎜

⎞
⎠⎟ ( )=

-
A

N

N N
, 1Z

N
b

rms
s
2

where Arms is the upper limit on the rms fractional oscillation
amplitude, Zs

2 is the signal power, N is the total counts, and Nb

is the background counts. Here the upper limit is calculated in a
similar method to that for the detections and thus can be readily
compared to the detected burst oscillation amplitudes for this
source in the previous literature. The upper limits for the events
were found to be 3.40%, 2.78% and 6.21%, respectively. These
upper limits are consistent with the upper limits previously
observed from this source when no oscillation was detected and
is typically less than the oscillation amplitudes observed in the
case of significant detection (see, e.g., Figure 4 of Ootes et al.
2017).

3. Discussion and Conclusions

In this paper, we report the detection of two thermonuclear
X-ray burst events in 2020 June, while 4U 1608−52 was at the
peak of an outburst, and a third one that happened just at the
end of the same outburst in 2020 September. In the first two
bursts, we clearly detect secondary burst-like events 30 and
18 s after the initial peaks. Analysis of the light curves implies
that these secondary peaks also show a fast rise exponential
decay trend. Furthermore, it is possible to see the traces of the
secondary peaks in the results of the time-resolved spectral
analysis.

Unlike the secondary peak observed in burst I, the secondary
peak observed in burst II shows a more gradual change in the
spectral parameters (see Figures 4 and 5). The lack of a sharp
transition in the temperature evolution can also be manifested

due to the low flux exhibited by the secondary bursts. A similar
phenomenon was shown by Linares et al. (2011), where for
bursts having low values of the peak luminosity to persistent
luminosity ratio, it was observed that the spectral evolution
shows a more gradual variation. Such bursts with gradual
temperature and normalization evolution along with smaller
effective radii are typically observed at high accretion rates,
which is consistent with the high accretion rate obtained for
these observations.
Since its discovery, 4U 1608−52 has been one of the most

active and bright transient LMXBs and provided a wealth of
data. Despite the fact that more than 150 X-ray bursts have
been reported from this source, bursts with recurrence times
less than a few minutes have not been reported from this source
or even from other X-ray bursters (the shortest recurrence time
reported is around 3–6 minutes; Keek et al. 2010; Linares et al.
2012).
To better assess the characteristics of the X-ray bursts

reported here, and to put the secondary peaks in perspective,
we compared them with the ones cataloged in the MINBAR
catalog (Galloway et al. 2020). In Figure 6, we show the
histograms of peak flux, blackbody temperature, and normal-
ization at the peak flux for all of the X-ray bursts recorded in
the MINBAR catalog. The distribution of peak flux, blackbody
temperature, and blackbody normalization at the peak flux
values for all of the X-ray bursts observed from 4U 1608−52
are shown in Figure 6. The values we obtain from spectral fits
are also shown and indicate that while the initial peaks are in
general very much in line with the rest of the X-ray bursts
observed previously from this source, the values for the
secondary peaks are located toward the lower end of the
previously observed values. Specifically, the temperature for
the secondary peak of burst II and the blackbody normalization
value obtained for the secondary peak burst I are at the lowest
end of the observed values. Note that the best-fit parameters for
burst III are more in line with previous bursts, with the
exception of the peak temperature value, which seems to be one
of the highest. However, the soft X-ray response of
NICER does not allow for a precise determination of such a
high temperature; therefore, we have a relatively large (8%)
uncertainty in this parameter.
First, two X-ray bursts we report here are observed at the

peak of an outburst from 4U 1608−52. We calculate that
during this state, the persistent flux of the source was roughly
15% of the Eddington luminosity for the source. For burst III,
the persistent flux was only 0.9% of the Eddington limit.
Within the MINBAR catalog, there are only three X-ray bursts

Figure 6. From left to right, histograms of observed peak bolometric flux, blackbody temperature, and blackbody normalization values at the peak flux for 4U 1608
−52, as in the MINBAR catalog, respectively. Vertical solid blue, red, and orange lines show the values measured for bursts I, II, and III, respectively. The same
values for the secondary peaks are shown with vertical dashed lines of the same color.
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(MINBAR burst IDs 1599, 3015, and 8002) out of the total of
147 observed from 4U 1608−52 when the Γ value was above
14%, where Γ is defined in the catalog as the ratio between the
persistent flux of the source and the peak photospheric radius
expansion burst flux. The small number of bursts seen at such a
high accretion rate from 4U 1608−52 shows that the detection
of these bursts is already exceptional. Within the small sample
we were able to identify in the MINBAR catalog, no short
recurrence or even an SWT burst event is reported.

On the other hand, within the MINBAR catalog, five X-ray
bursts observed from 4U 1608−52 have recurrence times less
than 0.1 hr. Within these X-ray bursts, in cases where it could
be determined, the Γ value is reported to be 1%–3%. Such low
Γ values indicate that SWT bursts observed from 4U 1608−52
happen at much lower accretion rates. We note that Keek et al.
(2014) showed that in fact, all SWT bursts occur in a hard/
intermediate state, while the bursts we report here occur during
a soft state (see Figure 2). Although this does not necessarily
argue against the secondary peaks here being SWT bursts, it
does show that these events should be considerably different
given the fact that at the soft state, the accretion geometry is
expected to be different compared to the hard states.

Secondary peaks in X-ray bursts from 4U 1608−52 have
been reported before (see, e.g., Penninx et al. 1989; Poutanen
et al. 2014; Jaisawal et al. 2019). Specifically, bursts 10, 15,
and 17 in Poutanen et al. (2014), the X-ray burst observed in
1986 and reported by Penninx et al. (1989), and the X-ray burst
reported by Jaisawal et al. (2019) have secondary peaks in their
light curves. However, the X-ray bursts we report here show
significant variations compared to those events. First, the
secondary peaks reported earlier all seem to occur very close to
the initial peak of the burst. Second, in all of these previous
cases, the accretion rate was much lower compared to the
events we report here. We report here that burst III happened at
such low accretion rates but does not show any evidence for a
secondary peak. Last but not least, in all of the previous cases,
there is no notable spectral variation reported apart from the
typical spectral evolution already observed during the bursts
that do not show a secondary peak. In the cases we report here,
the secondary peaks are significantly late and show their own
spectral evolution (i.e., heating and cooling, as shown in
Figure 5), and the X-ray bursts happen at much higher
accretion rates.

One of the scenarios that can explain the secondary peak
after burst I may be based on partial burning on the surface,
since it reaches a temperature that is very close to the value
obtained for the initial peak but covers a smaller apparent
emitting radius. Possible mechanisms for X-ray bursts covering
only smaller areas on the surface have been proposed and
mostly rely on the effect of magnetic fields on the accreted
material or fast rotation (Fujimoto 1988; Lamb et al. 2009).
Short recurrence time bursts have been shown to be observed
mostly from fast-spinning neutron stars (Keek et al. 2010).
Observed X-ray burst oscillations at around 620 Hz (Muno
et al. 2002) indicate that 4U 1608−52 hosts one of the fastest-
spinning neutron stars in an LMXB.

It is generally assumed that during an X-ray burst, the burning
front can propagate to at least a large fraction of the surface within
a few seconds’ timescale (Spitkovsky et al. 2002). However,
magnetic field and stellar spin are also expected to play a
significant role in the characteristics of an X-ray burst. During
some of the X-ray bursts, burst oscillations have been observed

from a number of LMXBs (for a review, see Watts 2012). While
the observations of oscillations during the rises of X-ray bursts are
generally attributed to the spreading of the burning front, the
physical mechanism behind the oscillations observed during the
decay phases of the bursts is not so clear. Models employ the
magnetic field acting on the surface (Payne & Melatos 2006) or
the effect of Coriolis forces for the rapidly rotating neutron stars
(Bhattacharyya & Strohmayer 2006b, 2007) or the global surface
modes (Watts 2012) to stall or limit the burning to a confined
region on the surface. Bhattacharyya & Strohmayer (2006a)
suggested that X-ray bursts starting at or near one of the poles
may slow or even stall as the burning front approaches the equator
before speeding up again as it propagates to the opposite pole. The
mechanism for the stall is suggested to be the freshly accreted
material toward the equator (see also Cavecchi et al. 2015).
Although an upper limit on the separation of the peaks is not
given by Bhattacharyya & Strohmayer (2006a), it is expected to
be of the order of several seconds. The secondary peaks we report
here have separations that are significantly more than what is
expected from a stalling mechanism on the surface of the neutron
star. Furthermore, models for double-peaked X-ray bursts often
predict that the intensity in the secondary peaks would be
comparable to the initial peaks. Again, this is not the case in the
bursts we report here, since the secondary peaks only reach
roughly two-thirds or even lower of the initial peaks. Finally, a
triple-peaked X-ray burst has been observed from 4U 1608−52
(Zhang et al. 2009), which may be hard to explain with the flame-
stalling scenario discussed here. On the other hand, we note that
Cavecchi et al. (2017, 2020) recently showed that in these
systems, the ignition latitude shifts to the poles of a neutron star as
a function of mass accretion rate. The fact that the bursts we report
here occur at high accretion rates supports the near-polar origin.
Another possible scenario behind secondary peaks can be the

modified ignition conditions set by the preceding burst. The
bright initial peak may result in residual effects on the envelope
long after the burst peak, and at this high accretion rate, this
may lead to a trigger of unstable ignition following a much
shorter accumulation of fuel. Such successive burst triggering
with less accumulated fuel has been proposed by Fushiki et al.
(1992), Taam et al. (1993), and Taam et al. (1996), especially
for X-ray bursts with long tails. The residual heating of the
envelope from the preceding X-ray burst ensures that a smaller
ignition column depth is required to initiate the thermonuclear
ignition process. For the case of the two burst events presented
here, it may be that the accretion rate is high enough that the
threshold ignition column depth is being achieved even during
the decay tails of the initial peaks, perhaps giving rise to the
secondary peaks. The exact ignition conditions will be critical
in generating such short recurrence bursts.
To summarize, we observed three typical thermonuclear

X-ray bursts from 4U 1608−52 during the outburst it exhibited
in 2020 with NICER. However, in two of these X-ray bursts,
we clearly detected secondary peaks 30 and 18 s after the initial
peaks. In both cases, we see spectral variation, especially an
increase in the temperature followed by cooling, in addition to
a change in burst flux. The time difference between the initial
and secondary peaks is too short to be explained by the
scenarios usually employed to explain SWT bursts; on the
other hand, it is also too long to be easily understood in terms
of flame propagation scenarios. Furthermore, the peak fluxes in
the secondary peaks are significantly low compared to the
initial peaks, which is expected in the double-peaked scenarios.
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We conclude that the X-ray bursts reported here challenge our
current understanding of thermonuclear X-ray bursts and show
the necessity to perform realistic models for ignition of the
bursts and propagation of the burning front.
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