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ABSTRACT

In this work we report on observations with the Neutron Star Interior Composition Explorer of
the known neutron star X-ray transient XTE J1739-285. We observed the source in 2020 February
and March, finding it in a highly active bursting state. Across a 20-day period, we detected 32
thermonuclear X-ray bursts, with an average burst recurrence time of 2.0f8:§ hr. A timing and spectral
analysis of the ensemble of X-ray bursts reveals homogeneous burst properties, evidence for short-
recurrence time bursts, and the detection of a 386.5Hz burst oscillation candidate. The latter is
especially notable, given that a previous study of this source claimed a 1122 Hz burst oscillation
candidate. We did not find any evidence of variability near 1122 Hz, and instead find that the 386.5 Hz
oscillation is the more prominent signal of the two burst oscillation candidates. Hence, we conclude it
is unlikely that XTE J1739-285 has a sub-millisecond rotation period.

Keywords: stars: neutron — X-rays: binaries — X-rays: individual (XTE J1739-285)

1. INTRODUCTION

The neutron star low mass X-ray binary (LMXB)
XTE J1739-285 (XTE J1739) was first discovered in
1999 October (Markwardt et al. 1999) with the Rossi X-
ray Timing Explorer (RXTE). It is perhaps best known
for the 1122 Hz burst oscillation candidate reported by
Kaaret et al. (2007). Since burst oscillations closely
track the stellar spin frequency (see, e.g., Watts 2012,
for a review), an 1122 Hz oscillation would imply that
XTE J1739 is the fastest spinning neutron star currently
known, and the only neutron star to spin at a sub-
millisecond period. Other analyses of the same data,
however, found no significant burst oscillation signals
(Galloway et al. 2008; Bilous & Watts 2019), suggesting
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that the 1122 Hz frequency reported by Kaaret et al.
(2007) may have been a spurious result.

Since its discovery, XTE J1739 has shown an irreg-
ular pattern of X-ray outbursts. Galactic bulge scans
performed with RXTE indicate that during its 1999
outburst, the 2 — 10keV source flux evolved between
a minimum of about 1x107Y ergs™ em~2 and a maxi-
mum of 5 x 10™? ergs™! cm~2 over a period of roughly
two weeks (Markwardt et al. 1999). Additional weak
outbursts occurred in 2001 and 2003 (Kaaret et al.
2007), but only the former was followed-up with a
limited number of pointed RXTE observations. No
X-ray bursts were detected in these RXTE observa-
tions, however, leaving the nature of the source un-
known. Only when the source once again became ac-
tive in 2005 did it garner wider interest. In August
2005, the source was detected with INTEGRAL at a
3 — 10keV flux of ~ 2 x 107 %ergs~! cm~2 (Bodaghee
et al. 2005). About a month later, however, the flux
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had dropped to 2 x 107%ergs™tcm=2 (Shaw et al.
2005), and the first detection of thermonuclear (Type
I) X-ray bursts demonstrated that the system harbors
a neutron star (Brandt et al. 2005). Further observa-
tions with RXTE showed that the flux evolved between
4x107ergs™ ' cm ™2 and 1.5x107% ergs~! cm 2 across
October and November, and after a period of Solar oc-
cultation, XTE J1739 was found to still be visible in
early 2006 (Chenevez et al. 2006). Since then, outburst
activity has been detected in 2012 (Sanchez-Fernandez
et al. 2012), and 2019 (Mereminskiy & Grebenev 2019;
Bult et al. 2019b), but has not been studied in detail.

Over its long and rich history of outbursts, XTE J1739
has shown a large number of Type I X-ray bursts,
with 43 events cataloged in the Multi-Instrument Burst
Archive (MINBAR, Galloway et al. 2020). Most these
X-ray bursts we detected in INTEGRAL/JEM-X, and
only six of them have been observed with RXTE.
Hence, the sample of X-ray bursts with sufficient time-
resolution to allow for a burst oscillation search is lim-
ited, and has not changed since the original analysis of
Kaaret et al. (2007).

On 2020 February 8, INTEGRAL detected a bright-
ening of XTE J1739 (Sanchez-Fernandez et al. 2020),
which was quickly confirmed to be entering a new out-
burst cycle with a follow-up Swift/XRT observation
(Bozzo et al. 2020). In an effort to increase the sample
of high-fidelity X-ray bursts from this target, we com-
menced regular monitoring with the Neutron Star In-
terior Composition Explorer (NICER, Gendreau & Ar-
zoumanian 2017) on 2020 February 13. This effort has
yielded an extensive dataset on this source, including the
detection of 32 X-ray bursts. In this paper we present
the spectral and timing analysis of these events.

2. OBSERVATIONS

We observed XTE J1739 with NICER between 2020
February 13 and 2020 April 4 for an integrated unfil-
tered exposure of 335 ks. These data are available under
ObsIDs 20502801nn and 30502801mm, where nn runs
from 25 through 36 and mm from 01 through 30. All
data were processed and calibrated using NICERDAS ver-
sion 7a, which is available as part of HEASOFT version
6.27.2. We screened the data using standard cleaning
criteria, retaining only those time intervals during which
the pointing offset was < 54", the elevation with respect
to bright Earth limb was > 30°, the angle relative to the
dark Earth limb was > 15°, and the instrument was out-
side the South Atlantic Anomaly (SAA). By default, the
NICERDAS processing further screens epochs of increased
background by filtering on the rate of saturating parti-
cles (overshoots). However, this method was found to
be affected by statistical fluctuations in overshoot rate,
leading to spurious 1-second gaps in the light curve. Fol-
lowing Bult et al. (2020), we corrected for this effect by
applying a 5-second smoothing average to the overshoot
rate before evaluating the screening criteria. After ap-

plying these screening filters we were left with 244 ks of
good time exposure.

Inspecting a light curve of the clean data, we readily
identified 31 X-ray bursts. Additionally, we observed
one weak burst-like feature which we will call a mini-
burst. This event is investigated separately in Section
3.3. One of the X-ray bursts (#29) was found to suffer
from a telemetry issue, causing a large number of sub-
second gaps in the raw data. Due to NICER’s modu-
lar design, however, the different detectors showed gaps
at different times. We processed the seven Measure-
ment/Power Units (MPUs) separately, and computed
a light curve for each of them. By summing these light
curves, weighted by their effective exposure in each time-
bin, we recovered an uninterrupted X-ray burst light
curve. Nonetheless, due to the uneven sampling, these
data are unsuited for timing analyses and are not in-
cluded in Section 3.4. Finally, we inspected a light curve
of the unfiltered data, and found that one additional X-
ray burst occurred during SAA passage (#31). To re-
cover this particular burst, we reprocessed the relevant
ObsID using a manually adjusted good-time interval ta-
ble. In Table 1 we list all 32 observed X-ray bursts and
indicate which were affected by special observing condi-
tions.

3. RESULTS
3.1. Light curves

Over the course of our two-month monitoring cam-
paign, XTE J1739 showed large swings in its mean
0.5 — 10keV count-rate. During the first ~ 30 days
of monitoring, the mean rate gradually increased from
20ct s~ to a peak of 80ct s~'. On 2020 March 11
the observed rate showed a sudden drop, decreasing by
more than half, to approximately 30ct s~!. Over the
following 2 weeks, the source showed a modest inten-
sity increase, before plummeting again on 2020 March
23. Beyond this date the source intensity steadily in-
creased again, but visibility and scheduling constraints
prevented further high cadence monitoring. We show
the complete light curve in the top panel of Figure 1,
where we removed the X-ray bursts to highlight the
evolution of the mean source rate. In this figure, we
also show the evolution of the hardness ratio, which we
calculated as the 4 — 10keV energy band count-rate di-
vided by the 0.5 —2keV band rate. We find that for the
first 25 days of observations this hardness ratio evolves
roughly in anti-correlation with the 0.5 — 10keV count-
rate. Around the time the source count-rate peaks, the
hardness ratio transitions from a high to a low value
and becomes positively correlated with the source count-
rate.

A total of 32 X-ray bursts were observed over the
course of our monitoring campaign, all of which oc-
curred during a 20-day window in which the mean
rate was above ~ 35ct s™! (and the X-ray flux was
> 4.5 x 107 %ergs~! em™2; see Section 3.2). We indi-



cated the times of these bursts in Figure 1 using vertical
red bars. Five of the 32 observed bursts were only ob-
served partially: bursts #6, #17, and #31 were truncated
to various degrees, whereas for bursts #13 and #26 we
missed the onset.

We determined the start time of each burst using a
two-step procedure. First, we constructed a 1-s time
resolution light curve for every NICER pointing that
contained an X-ray burst. We then searched this light
curve for the first bin whose count-rate exceeded the av-
eraged count-rate by a factor of 2. The averaged count-
rate was calculated over a 20-s long window, which we
separated from the test bin by a 10 s shift. That is, when
testing bin t,,, we calculated the light curve average over
[tn—30,tn—10]. If an insufficient number of bins was avail-
able before the X-ray bursts, we sampled the end of the
light curve instead. This procedure correctly identified
the burst onset in all cases, with the exception of bursts
#13 and #26, for which the rise was not observed. The
resulting burst start times, however, had a ~ 1s uncer-
tainty and failed to align all bursts. In a second step,
we therefore refined the onset times to improve the burst
alignment. For each burst, we constructed a light curve
of the burst rise, which we interpolated using a first-
order Savitzky-Golay filter over a 3-s window (Savitzky
& Golay 1964). We then subtracted the mean persistent
count-rate and determined the time at which the burst
count-rate passed through 50 ct s~!, which is about 10%
of the mean peak burst count-rate. We defined this in-
tersection as the onset time of the burst. All resulting
onset times are listed in Table 1.

In Figure 2 we show the 0.5 — 10keV 1-s light curves
of all X-ray bursts relative to their respective onset.
The light curve profiles are very similar across all X-
ray bursts: the bursts take 5 — 7s to rise to a peak
rate of about 500ct s~! and have duration of approx-
imately 100s. To quantify the shapes of these profiles
more precisely, we measured the burst rise time as the
interval between the burst onset and the first 1-s light
curve bin that was within one standard deviation of the
respective burst peak count-rate. We also determined
the end time of each X-ray burst by finding the time
at which the count-rate decayed back to the preburst
level. Specifically, we scanned the 1-s time resolution
light curve, starting from to + 10, for the first time bin
whose count-rate was within 1o of the preburst rate.
Considering all bursts that decayed before the end of
their respective observations, we found an average burst
duration of 95 £ 14s.

The similarity between the majority of the X-ray
bursts is highlighted in Figure 3, where we show all light
curves in the same graph. We see that the bulk of the
burst profiles (yellow curves) are highly similar, while
the remaining bursts reflect a modest shape evolution
across the sample. Specifically, the first four bursts have
a sharp rise and higher peak count-rates (purple curves).
Similarly, bursts #31 and 32 also peak at higher rates
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Figure 1. Top: XTE J1739-285 light curve in the 0.5 —
10keV energy range, showing one point per NICER point-
ing. X-ray bursts have been filtered out of the light curve and
are indicated with red bars instead. The purple diamonds in-
dicate the times of two X-ray bursts observed with AstroSat
(Chakraborty & Banerjee 2020). Middle: hardness ratio cal-
culated as the 4 — 10 keV rate over the 0.5 —2keV rate. Bot-
tom: peak bolometric flux (left) and peak blackbody tem-
perature (right) for each of the NICER X-ray bursts. Error
bars show the 90% confidence region.

than average, and further show a notably shorter decay
(blue curves). Bursts #22, 23, and 26-29 (pink curves)
show the same tendency as #31-32, but with less pro-
nounced shifts. Three X-ray bursts are found to show a
deviating profile, and are indicated in grey. Burst #24
rises much more slowly to its peak intensity, burst #25
peaks at a much lower rate, and burst #30 decays more
rapidly than any of the other bursts in the sample.

3.2. Spectroscopy

We study the spectral properties of the X-ray bursts
using XSPEC version 12.11 (Arnaud 1996) and version
1.02 of the NICER instrumental response matrix. A
background spectrum was generated using version 0.2
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Figure 2. Light curves of each individual X-ray burst from XTE J1739-285 observed with NICER. These light curves are in
the 0.5 — 10keV energy band, binned at 1-s time resolution, and expressed relative to to, the start time of each respective X-ray

burst (see Table 1).

of the “environmental” background model’ (Gendreau
et al., in prep). Interstellar absorption was modelled
using the Tiibingen-Boulder model (tbabs, Wilms et al.
2000).

We first consider the spectral properties of the per-
sistent emission. For each X-ray burst we extracted a
spectrum from a 200s window prior to the burst on-
set, keeping at least 50 seconds between the end time
of the window and the burst onset. In the cases where
the burst onset occurred too close to the start of the
observation, we instead extracted a persistent emission
spectrum after the burst had decayed instead, selecting
the 200-s window as close to the end of the observation

1 https://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_
tools.html

as possible. In all cases the individual 0.5 — 10keV per-
sistent emission spectra could be well described as an
absorbed power law. Applying a joint fit to all preburst
spectra, we tied the absorption column density across
all spectra, but let the power law photon index vary per
spectrum. We found the absorption column density at
Ny = (1.73 4 0.01) x 10?2 cm ™2, and a power law photon
index that gradually increases with time from 1.5 to 2.
We measured 0.5 — 10keV X-ray flux for each spectrum
using the cflux model component, and estimated the
bolometric flux by integrating this component between
0.01 — 100keV. The full set of fit parameters and fluxes
are listed in the appendix (Table Al).

We analyzed the burst spectra using a time-resolved
approach. We adaptively binned the burst light curves
into multiples of 1 second, such that each bin contained
at least 500 counts, yielding about 12 temporal bins per
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Table 1. X-ray burst overview

Burst ObsID? Onset Time Onset Date Peak Flux Fluence Atrec  Atrise € T e
(MET) (MJD) (x1078 erg/s/cm?) (x1077 erg/cm?) (hours)  (s) (s) (s)
1 x30 193692577  58899.81223 1.06 +0.12 2.10 £0.04 3.88 52 19.0 20 50
2 x31 193720395  58900.13418 1.05+0.12 2.24 £ 0.05 7.73 39 185 21 99
3 x31 193748118  58900.45505 1.13+£0.12 2.22 £0.04 7.70 4.8 151 20 97
4 x32 193815367  58901.23340 1.08 £0.15 1.87 £ 0.04 18.68 4.8 17.7 17 279
5 x34 194049124  58903.93892 0.954+0.17 2.19£0.05 - 7.0 22.2 23 -
Gb x35 194060568  58904.07138 1.43 +£0.22 1.76 £+ 0.06 3.18 8.3 - - -
7 x35 194088338  58904.39278 0.99 +0.11 2.14+£0.04 7.71 79 196 22 133
8 x35 194115999  58904.71294 0.97+0.14 2.09 £ 0.04 7.68 4.5 239 22 142
y01 194564001  58909.89815 0.80 £ 0.10 1.94 +0.04 - 6.2 229 24 -
10 y02 194603602  58910.35649 0.80 +0.13 1.94 +0.04 11.00 9.8 22.2 24 257
11 y03 194663960  58911.05508 0.77+0.13 1.97 £ 0.04 16.77 52 23.1 25 368
12 y03 194670876  58911.13513 1.02 £0.17 2.00 £0.04 1.92 54 21.8 20 43
130 y03 194686325  58911.31394 0.22 +0.03 0.63 +0.01 4.29 - - - -
14 y03 194692869  58911.38968 1.07 £ 0.16 2.05+0.05 1.82 3.6 21.1 19 39
15 y03 194731453  58911.83625 0.86 = 0.16 1.91 £ 0.05 10.72 5.3 21.9 22 255
16 y04 194793276  58912.55180 1.04 £0.18 2.05 £ 0.05 17.17 6.3 184 20 363
170 y05 194849315  58913.20039 0.86 +0.11 1.84 +0.04 15.57 6.9 - - -
18 y05 194916105  58913.97343 0.824+0.12 1.89 + 0.04 18.55 7.3 19.9 23 405
19 y06 194954634  58914.41937 0.824+0.12 2.01 £0.04 10.70 7.2 21.0 25 215
20 y06 194994326  58914.87876 1.00 £0.13 2.07£0.04 11.03 44 200 21 215
21 y07 195044088  58915.45471 0.81 +0.09 1.87 £ 0.03 13.82 45 20.2 23 327
22 y08 195121583  58916.35165 0.94+0.13 1.66 £ 0.04 21.53 6.1 14.1 18 691
23 y08 195127479  58916.41988 0.71 +0.08 1.45+0.03 1.64 6.0 12.7 20 65
24 y08 195155076  58916.73930 0.45 +0.06 1.15+0.03 7.67 11.5 12.0 25 409
25 y09 195227270  58917.57488 0.24 +0.03 0.44 +0.01 20.05 3.6 8.2 19 2467
26b y09 195255276  58917.89902 0.07 +£0.01 0.23 +£0.02 7.78 - - - -
27 y10 195328389  58918.74523 0.83 +0.11 1.56 £ 0.03 20.31 75 120 19 776
28 y10 195345351  58918.94156 0.65 +0.08 1.19 £+ 0.02 4.71 6.6 11.7 18 254
29¢ yll 195350027  58918.99567 0.64 +0.07 1.32 £ 0.04 1.65 56 10.6 20 80
30 yll 195356877  58919.07495 0.49 4+ 0.04 0.76 £ 0.02 1.55 5.0 81 15 134
31d y12 195472719  58920.41571 0.93 +0.10 1.37+£0.03 - 5.4 7.1 15 -
32 y12 195506990  58920.81236 1.03 £ 0.09 1.78 £ 0.03 9.22 4.3 103 17 159

NoTE—AI reported flux measurements are unabsorbed. Burst onset times are reported in NICER’s Mission Elapsed Time
(MET). The final five columns, Atrec, Atrise, €, 7, and «, give, respectively: the wait time since the previous burst, the rise
time of the burst, the decay e-folding time, the ratio of the burst fluence to the peak flux, and the ratio of the integrated
persistent flux to the burst fluence (see text for definitions). We only list the recurrence time if it is shorter than 1 day. The
recurrence time of the first burst is calculated relative to an X-ray burst observed with AstroSat (Chakraborty & Banerjee
2020). Uncertainties are quoted at 90% confidence.

We only list the last two digits, so x=20502801 and y=30502801

b Partial burst.

€Fragmented.

dDuring SAA passage.
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Figure 3. X-ray burst light curves aligned by their start
time and with the average pre-burst count-rate subtracted.
The X-ray burst profiles show a subtle evolution: the early
and late bursts (lower averaged preburst count rate) reach a
higher peak rate and show a faster decay as compared to the
other X-ray bursts (higher averaged preburst count rates).

burst. For each bin, we extracted a spectrum and mod-
eled it using an absorbed blackbody superimposed on
the persistent emission spectrum, holding all parame-
ters of the persistent emission spectral model fixed at the
values listed in Table A1l. We also attempted to fit the
burst spectra while leaving the normalization of the per-
sistent emission as a free parameter (Worpel et al. 2013);
however, this did not improve the fit, and was therefore
not pursued further. We further note that none of the
X-ray bursts showed evidence for photospheric-radius
expansion.

After determining the time-resolved spectral parame-
ters, we fit all burst spectra again to measure the bolo-
metric flux of the burst emission. We multiplied the
blackbody component with the cf1ux model and extrap-
olated the energy range between 0.01 — 100keV. Sub-
sequently, we extracted the highest single bin flux and
integrated over all time bins in a light curve to mea-
sure the bolometric fluence of each burst. The resulting
bolometric fluence and peak flux measurements of each
burst are listed in Table 1.

In Figure 4 we show the evolution of the spectral pa-
rameters for a typical burst from the largest group (#11)
along with the evolution measured for burst #32. In each
case we see that the burst emission peaks at a black-
body temperature of about 2.5keV, with a bolometric
flux of ~ 1 x 10~ ®ergs~!cm~2. The blackbody emis-
sion area peaks about 5 — 10s later at 40 (km/10 kpc)?

and 60 (km/10kpc)? for bursts #11 and #32, respec-
tively. This evolution pattern is repeated in all X-ray
bursts, as illustrated in Figure 5. In this figure we
plot the bolometric burst flux and normalization area
as a function of blackbody temperature for all X-ray
bursts, showing the average per burst-group with a solid
line. Here, we see the lag between respective peaks
in blackbody temperature and normalization reflected
in the curved track traced out in the bottom panel.
We further see that there is a gradual evolution in the
tracks traced out by these X-ray bursts. Some of this
evolution is even more apparent when we consider the
peak bolometric flux and peak blackbody temperature
as a function of time (see Figure 1). When the source
count-rate climbs above ~ 60ct s~ (bolometric flux
> 1.4 x 107 %ergs~! em™2), both the peak burst flux
and temperature decrease (bursts #22-30).

Finally, we summarize each burst through three stan-
dard X-ray burst metrics, as presented in Table 1. We
measure the e-folding timescale (¢) of the burst tails by
modeling the measured bolometric burst flux evolution
as an exponential decay. We further determine the «
factor, which is the ratio of the persistent fluence be-
tween bursts to the fluence of the burst itself

o= FprcburstAt, (1)
Eburst

where we estimate the persistent fluence by multiplying
the preburst flux, Fpreburst, With the burst recurrence
time, At, and Epst gives the X-ray burst fluence. Fi-
nally, we calculate the ratio of the burst fluence to peak
burst flux (), which represents the equivalent duration
of the X-ray burst and gives a rough measure of the
burst morphology (van Paradijs et al. 1988). We calcu-
late these metrics only if the measured recurrence time
was less than one day, and if the X-ray burst was not
truncated.

3.3. Mini-burst

In ObsID 3050280106 we observed what we will call a
mini-burst. At 840s after the onset of X-ray burst #19,
we observed a brief flare-up in count-rate. The event
follows the expected profile of an X-ray burst: it has
a sharp rise and an approximately exponential decay.
In contrast to regular X-ray bursts, however, this mini-
burst peaked at 75ct s=! and lasted only ~ 30s (see
Figure 6).

We extracted a spectrum for the time interval of the
mini-burst and compared it with preburst spectrum #19.
Because the mini-burst is comparatively faint, the re-
sulting spectrum is of poor quality and can be suc-
cessfully fit with several spectral models. The sim-
plest of such models invokes the power law component
used to describe the preburst emission, and fits for nor-
malization only. However, the burst-like profile of this
event invites an interpretation that is analogous to the
spectral model used for the burst emission. If we fix
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Figure 4. Time resolved spectral fit parameters for X-ray
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metric X-ray flux, the blackbody temperature, the blackbody
normalization area, and the goodness-of-fit statistic. All ver-
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the spectral parameter of the preburst model, then we
find that the excess emission is well described by a
single-temperature blackbody. The best-fit x? is 63 for
61 degrees of freedom, yielding a blackbody tempera-
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Figure 5. Time resolved spectral fit parameters of all X-
ray bursts, showing the bolometric X-ray flux (top), and
blackbody normalization (bottom) as a function of black-
body temperature. The solid lines represent the averages for
each group. The black point shows the mini-burst, otherwise
the color coding is the same as in Figure 3.

ture of 1.3 + 0.3keV with a 0.5 — 10keV X-ray flux of
(1.240.3) x 10~ ergs~! ecm 2. We show this measure-
ment in Figure 5 using a black point, and note that this
excess emission is consistent with the flux-temperature
relation measured in Section 3.2.

3.4. Burst oscillations

We searched the X-ray bursts for the presence of co-
herent burst oscillations, excluding the mini-burst and
burst #29 from the analysis. To avoid confirmation bias
towards the 1122 Hz burst oscillation candidate reported
by Kaaret et al. (2007), we treated our analysis as a blind
search for an unknown oscillation frequency. Hence, we
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Figure 6. Light curve of the X-ray burst #19 at 8-s time
resolution. A mini-burst is observed at ¢ = 840s. Errorbars
indicate the 1o uncertainty.

defined our frequency search window to be bounded be-
tween 50 Hz and 2000 Hz. The lower bound is motivated
by the fact that the non-stationary X-ray burst light
curve introduces red noise into the power spectrum. For
frequencies greater than 50 Hz, however, the red noise
contribution becomes negligible, and the individual fre-
quency bins are well described by a x? distribution (see,
e.g. Ootes et al. 2017; Bilous & Watts 2019). The upper
bound on the frequency range is motivated by physical
limits on the maximum spin frequency a neutron star
can sustain given realistic equation of state constraints
(Haensel et al. 2009).

To search for coherent burst oscillations in any given
burst, we construct a dynamic power spectrum of the
0.5 — 10keV burst light curve using a sliding window
method. We apply a window of duration T" to a 1/81925s
resolution light curve and then move this window from
to — 10s to to + 100s in steps of T'/2, where we recall
that ¢o is the burst onset time (as defined in Table 1).
For each window position we use the Fourier transform
to compute the power density spectrum, and extract the
highest measured power. To establish if this measured
power is in excess of the noise, we compare it to two ap-
proximations of the noise distribution: the x2 distribu-
tion as expected from a pure Poisson counting process;
and a numeric simulation of the non-stationary burst
light curve.

3.4.1. x* statistics

The power spectrum of counting noise is well known
to be x? distributed (van der Klis 1989). For any sin-

gle frequency bin in the power spectrum, we can there-
fore directly calculate the expected probability that the
noise process would yield a power greater than the one
measured. For every searched X-ray burst, however, we
evaluate the powers in Ny frequency bins for Ny, window
positions. For simplicity, we treat these N = N¢ X Ny,
trials as though they are independent. We can then
express the chance that the single-trial survival proba-
bility ; was produced by noise as ey = 1 — (1 — 1)V
(see, e.g., Vaughan et al. 1994). When the multi-trial
survival probability, ey, is smaller than 1%, we con-
sider the measurement to be a detection at the search
level. Finally, we account for the fact that we search
31 different X-ray bursts using multiple search configu-
rations (e.g., different window sizes) by increasing the
trial count accordingly.

3.4.2. X-ray burst simulations

A limitation of the x? statistics derived from the
counting noise process is that it does not account for the
fact that the underlying X-ray burst light curve is non-
stationary, nor for the fact the overlapping window posi-
tions impose correlations between the measured powers.
In an effort to more faithfully account for such effects,
we also estimate the noise distribution through a series
of numeric simulations.

For a given burst, we generate a sample of artificial
light curves using an approach similar to that of Bilous &
Watts (2019). That is, we wish to generate a list of pho-
ton arrival times that follows the slow (< 50Hz) vari-
ations in count-rate of an observed burst, but does not
contain any high frequency periodic signals. To achieve
this, we use the thinning method (Lewis & Shedler
1979) to generate a realization of a non-homogeneous
Poisson process whose underlying rate is specified by a
time-continuous light curve. This time-continuous light
curve, in turn, is constructed from the real data, through
a linear interpolation on the 1/4s light curve of an ob-
served X-ray burst. In short, this procedure involves
four steps:

1. Given the peak count rate, Apax = 600ct s~ 1, and
burst duration, 7' = 110s, draw a random number
from the Poisson distribution with mean T Ay ax,
call this random number Ny;

2. Draw N, arrival times from a uniform distribution
on the burst good time interval (tg — 10, tg + 100),
call them ¢;.

3. Draw N) acceptance/rejection criteria from a uni-
form distribution on [0, Apax], call them s;.

4. Keep only those arrival times with s; < f(;),
where f(-) is the continuous time light curve.

For each observed X-ray burst, we simulate a set of
5000 analogous realizations. When applying a search



procedure to the real data, we similarly search the sim-
ulated data using the same search method, and extract
a sample of 5000 ‘highest’ simulated powers. Hence,
we directly map out the search-level probability distri-
bution (i.e. adjusted for the N trials in the dynamic
power spectrum). Finally, we parameterize each of the
resulting distributions into a functional form by fitting it
with a log-normal distribution. While the choice for the
log-normal is ad hoc, a Kolmogorov-Smirnov test indi-
cates that this model yields a good description (p-value
> 0.05) of the simulated data in every search configura-
tion considered in this paper.

3.4.3. Sliding window searches

We performed a series of sliding window searches on
the individual bursts. We selected window durations of
2, 4, and 8 seconds and applied them to the 0.5 —-10keV
light curves of the bursts. None of these searches yielded
a power measurement with a chance probability smaller
than the 1% noise probability threshold at the search-
level. Hence, no significant burst oscillations were de-
tected.

In a second iteration of searches, we used the same
sliding window configuration, and additionally applied
a factor 4 binning to the power spectra. This approach
is motivated by the fact that burst oscillations may drift
in frequency over the course of an X-ray burst, in which
case the signal power may be spread out across several
frequency bins (see, e.g., Watts 2012, for a review).

Applying the searches with binning in the frequency
domain, we recovered a candidate 386.5 Hz burst oscil-
lation in X-ray burst #2. The candidate signal occurred
during the rise of the burst (see Figure 7) and is observed
for all three window durations. Based on x? statistics,
the highest measured power corresponds to a single-trial
noise probability of 1.2 x 107'2. Accounting for the
number of trials in all six search configurations (three
with, and three without frequency binning), we obtain
a multi-trial adjusted noise probability of 1.8 x 1075,
Further adjusting the trial count to include all 31 X-ray
bursts, we obtain 5.6 x 10~°. Hence, the chance proba-
bility that this signal is produced by the counting noise
is well below the 1% threshold. Comparing the signal
with the numerically estimated noise distribution for X-
ray burst #2, we find that the six search configurations
have a joint probability of 9 x 107 to produce the ob-
served power by chance. Again extending this analysis
to include all 31 X-ray bursts, the total joint noise prob-
ability is 2.8 x 1073, Hence, the 386.5 Hz signal is again
found to be in excess of the noise process, albeit at a
lower level of significance.

Given the frequency of the detected burst oscillation in
burst #2, we can return to the other bursts to search with
higher sensitivity. We repeated all six search procedures,
searching only the narrow frequency range from 377 Hz
to 397 Hz. This third iteration of searches did not yield
any additional detections.
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Figure 7. Burst oscillation detection in X-ray burst #2,
showing the contours of a dynamic power spectrum (black,
right axis), along with the burst light curve (blue, left axis).
The contours mark the power (17.4, 21.1, and 26.8) corre-
sponding to the 68%, 95% and 99.7% confidence levels, ad-
justed for the number of trial frequencies in the spectrum.
For illustrative purposes, we oversampled the dynamic power
spectrum, i.e., it was calculated using 4 s time windows with
steps of 1/8s. The inset shows the same data, but zoomed-
in on the region where the burst oscillation candidate was
detected.

The Leahy normalized power spectrum of a Poisson
sampled coherent wave yields a power distribution that
is well described as a non-central x? distribution (see,
e.g., Groth 1975). We write this function as X2 (Pu|s, ¢),
with P, the measured power, k the degrees of freedom,
and ¢ the non-centrality parameter. The latter depends
on the signal amplitude, A, as

kA2

¢= AN (2>
¥

with N, the number of photons. We numerically invert
this relation to find the distribution of the signal am-
plitude given the measured power, and finally express
the burst oscillation amplitude as a fractional sinusoidal
amplitude relative to the burst flux

A

= )
N’y - Npersistent

a (3)
where Npersistent gives the number of photons con-
tributed by the persistent emission, as estimated from
the preburst count-rate. Using this formalism, we find a
fractional amplitude of @ = (26 & 4)% for the candidate
oscillation in burst #2.

4. DISCUSSION
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We have presented a spectral and timing analysis
of 32 Type I X-ray bursts observed from XTE J1739
with NICER. All X-ray bursts were detected over a
20-day period during which the persistent X-ray emis-
sion increased from 4.5 x 107%ergs™'cm™2 to 1 x
102 ergs~! cm~2. This flux range is broadly consistent
with the source intensity at which X-ray bursts have
been previously reported (Brandt et al. 2005; Kaaret
et al. 2007, Section 4.4), and is associated with the hard
state of this source (see Section 4.5).

4.1. X-ray burst energetics

The profiles of the X-ray burst light curves are mostly
very similar: they take 5 —7s to rise to their peak inten-
sity, and are followed by an approximately 100s decay.
Such profiles indicate the bursts are due to helium burn-
ing in a hydrogen rich environment (see, e.g., Galloway
& Keek 2017, and references therein), with a cooling tail
that is governed by the rp-process (Schatz et al. 2001).

Another view of the burst fuel composition is given
by the a factor. Due to the relatively short exposures
of individual NICER pointings, we did not observe suc-
cessive bursts in a single uninterrupted exposure, such
that all burst recurrence times and « factors listed in
Table 1 are formally upper limits. Instead, we estimate
the averaged bursting rate by dividing the 226 ks unfil-
tered exposure collected between the first and last Ob-
sIDs containing an X-ray burst by the number of bursts
observed, yielding a recurrence time of 2.0703 hr. If we
adopt average values for the burst fluence, persistent
flux, and burst waiting time, we find an average « of 47,
which is consistent with a mixed hydrogen/helium fuel
composition.

If we assume that each X-ray burst depletes the avail-
able reservoir of fuel, then a can be predicted from the-
ory as
_ Qgrav é;b

Qnuc gp ’
where Qgrav = GMns/Rns is gravitational potential
energy released through accretion, with G the gravita-
tional constant, Mng = 1.4Mg the neutron star mass,
and Rns = 10 km the neutron star radius. Additionally,
Qnue = 1.354+6.05X MeV /nucleon (Goodwin et al. 2019)
is the nuclear energy generation rate in a burning layer
with averaged hydrogen fraction, X, and (1 + 2) = 1.31
gives the gravitational redshift factor. Finally, &, and &,
give the anisotropy factors for the persistent and burst
emission, respectively. Given the observed o and an al-
lowed range for hydrogen abundance of 0.1 < X < 0.7,
we find that the ratio of anisotropy factors, &,/&p, is in
the range 0.3—0.9. If we adopt a simple thin disk model,
then we can relate these anisotropy factors to the system
inclination (Fujimoto 1988; He & Keek 2016), such that
the allowed system inclination is 65° < 7 < 90°. Hence,
the bursting properties suggest that XTE J1739 is a rel-
atively high inclination system. The lack of eclipses in

a (1+2) (4)

the light curve further indicates that we are not viewing
the system edge-on, allowing for an upper limit on the
inclination of ¢ < 75° (Frank et al. 1987).

4.2. Burst light curve variations

While the majority of observed bursts are very simi-
lar, some evolution in the burst light curve shapes can be
observed across the sample. This is demonstrated in Fig-
ure 3, where we grouped the burst light curves by shape.
Relative to the most commonly observed burst shape
(yellow), we selected three groups of burst shapes that
each tend toward higher peak count-rates and shorter
decay tails (blue, purple, pink). In addition to exhibit-
ing similar burst profiles, these bursts share commonali-
ties in time and persistent flux as well. The bursts of the
first group (#1-4; purple curves) occur early in the out-
burst and have the lowest bolometric persistent fluxes of
the sample (8 x 107 ergs™! em~2). Those in the sec-
ond group (#22-29, pink curves) have the highest persis-
tent fluxes in the sample (1.5—1.8 x 10~ % erg s~ cm™2),
and coincide with a notable drop in peak burst temper-
ature and peak burst flux (Figure 1). Finally, the third
group bursts (#31, 32) have the sharpest profiles of the
observed bursts, and occur right after the X-ray flux
dropped back down to 1 x 107 % ergs™! cm~2.

The observed pivot in burst shape from longer burst
with lower peak rates to shorter bursts with higher peak
rates is not uncommon and can be attributed to change
in fuel composition, with sharper bursts having a com-
paratively higher helium abundance (Lewin et al. 1993;
Galloway & Keek 2017). Some evidence that this ef-
fect is at play in XTE J1739 can be found in the «
factors. Considering the « factors of those bursts with
the most robust recurrence times, we find values rang-
ing from about 40 (#12,14) to 80 (#29) and 134 (#30),
suggesting that the bursts with sharper profiles indeed
have a lower hydrogen content.

What physical process is driving fuel composition
changes in XTE J1739 is less clear. The most likely
driver of such evolution is the changing mass accretion
rate (e.g., Bildsten 1998). However, the most common
burst shape has the longest tails, and thus the highest
hydrogen content. Relative to this group, we see that
the hydrogen content decreases for both increasing and
decreasing mass accretion rates.

4.3. Short-recurrence bursts

A caveat to the interpretation of « is that at least
some of the X-ray bursts do not appear to exhaust the
fuel layer. Given its light curve profile and short wait-
ing time relative to burst #19, the mini-burst reported in
section 3.3 is most likely a short-recurrence burst (see,
e.g., Keek et al. 2010). Such bursts occur with recur-
rence times that are too short for the accretion process
to fully replenish the stellar atmosphere, and are there-
fore fuelled by left-over hydrogen and helium on the stel-
lar surface.



If the mini-burst is indeed a short-recurrence burst,
then it seems likely that X-ray burst #25 was also a
short recurrence event. This burst occurred 480 s into
its respective pointing, and is preceded by a 6 hr gap in
coverage. Given that the burst recurrence time is on the
order of 2 hours, we almost assuredly missed the X-ray
bursts directly preceding burst #25.

In a similar vein, we can also consider bursts #24 and
#30 in the context of short recurrence events. Each of
these two bursts were less energetic than the remaining
sample, albeit not to the extent of burst #25. If these
bursts only burned some fraction of the available fuel,
that would account for their reduced intensity, while
leaving requisite material behind for short recurrence
bursts (Keek et al. 2010; Keek & Heger 2017). Hence,
we can speculate that bursts #24 and #30 were primary
events of short recurrence trains. These bursts were fol-
lowed by only 7 and 9 minutes of exposure before a 66
and 78 minute data gap, respectively. The data sam-
pling therefore leaves sufficient space for such short re-
currence events to have occurred. This interpretation is
complicated by the slow rise of burst #24, as the process
that governed this slow rise might also underpin the re-
duced intensity. It is not clear what causes this slow
rise, although we note that ignition latitude has been
linked to the rise morphology (Maurer & Watts 2008).

4.4. The MINBAR sample

Most of the X-ray bursts observed with NICER, ap-
pear to have an appreciable hydrogen content. This
stands in contrast with the X-ray bursts observed with
RXTE, which were all reported to be typical helium-
fueled bursts (Kaaret et al. 2007; Galloway et al. 2008).
This raises the question if the bursting regime sampled
with NICER is somehow different than the bursting
phases observed previously. To investigate this ques-
tion, we compare some of the burst statistics obtained
with NICER to those reported in MINBAR (Galloway
et al. 2020). In Figure 8 we show histograms of the burst
rise time, e-folding time, peak burst flux and the persis-
tent flux. Each is color coded per observatory (blue for
RXTE, orange for INTEGRAL, and green for NICER).
We see that some systematic shifts are apparent: the
NICER bursts appear to show a slower rise and longer
decay than the RXTE and INTEGRAL bursts. The
NICER peak fluxes are slightly lower, while the flux of
the persistent accretion is marginally higher. On the
whole, however, the MINBAR and NICER samples are
not dramatically different.

4.5. Spectral state

To place our observations in the context of the source
state and accretion rate evolution, we constructed a
hardness intensity diagram from the light curve data
described in Section 3.1 (Figure 9). That is, we cal-
culated the hardness ratio as the 4 — 10keV count rate
over the 0.5—2keV count rate and adopted the full band
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(0.5 — 10keV) rate for the intensity, averaging the data
per continuous pointing. In addition to the bursting
epoch observations, we also included the NICER data
collected in August 2019 (Bult et al. 2019b), which cov-
ered higher intensities (count-rates > 100ct s™!). The
X-ray bursts are clearly observed along a hard state
track. Toward the highest persistent accretion rates of
the bursting epoch, however, the source may have tran-
sitioned to an intermediate state.

Considering the time-evolution of the source intensity
and hardness, as shown in Figure 1, we see that the
highest observed count-rates occur after a rapid drop in
hardness. Coincident with this apparent spectral shift,
the X-ray bursts show a decrease in their peak bolomet-
ric flux and peak blackbody temperature. What causes
this apparent change in burst character is not obvious,
but it might be explained by a change in the accretion
state.

One possibility is that a change in the accretion disk
structure is affecting the anisotropy ratio. For instance,
the formation of a surface boundary layer could cause
more of the burst emission to be shadowed out by accre-
tion flow, thus lowering the observed burst flux. Such
shadowing, however, is predicted to cause a hardening
of the burst spectrum (Suleimanov et al. 2012; Kajava
et al. 2014), which is opposite to what we observe.

Alternatively, the decrease in burst flux and tem-
perature might be related to the presence of short-
recurrence bursts. When short-recurrence bursts occur,
they change the fuel layer, and alter ignition conditions
of long-duration bursts as well (Keek & Heger 2017).
Possibly this effect is what drives the depression in the
peak burst flux and temperature. This scenario is com-
patible with our data, as all candidate short-recurrence
bursts discussed Section 4.3 occur during this short time
interval where the count-rate is high and the hardness is
low. Furthermore, surveys of X-ray bursters show that
short-recurrence bursts often only occur in a compara-
tively narrow range of luminosity just below the transi-
tion to the soft state (Keek et al. 2010).

To estimate the source mass accretion rate during the
bursting epoch, we adopt a source distance of 4Jj§ kpc, as
derived from Gaia parallax measurements (Bailer-Jones
et al. 2018). Assuming a 1.4 solar mass neutron star with
a 10 km radius, the measured bolometric persistent flux
implies a mass accretion rate of M ~ 2x 10710 Mg yr—1!,
or about 1.5% of the Eddington rate. This accretion rate
is lower than the =~ 10% Eddington rate expected based
on the burst behavior (Galloway et al. 2008; Galloway &
Keek 2017). While discrepancies between the accretion
rate inferred from the X-ray luminosity and the burst
physics are not uncommon (see, e.g., Cornelisse et al.
2003), there are additional caveats to this comparison.
First, the Gaia distance is likely an underestimate. As
noted by Galloway et al. (2020), the distance is derived
using a probabilistic method that is weighted on the
distribution of matter in the galaxy. Because LMXBs
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Figure 8. Stacked histograms of X-ray burst properties measured with NICER versus those reported in MINBAR.
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Figure 9. Hardness-intensity diagram for XTE J1739,
showing one data point for each continuous NICER point-
ing in grey. We further highlight those pointings containing
an X-ray burst in black, and show burst #2 in red. For visual
clarity we show the 1o error bars for the highlighted points
only.

are likely more concentrated toward the galactic cen-
ter than the stellar population, however, the resulting
Gaia distance is likely biased. Second, in estimating the
accretion rate, we did not account for the anisotropy
associated with the system inclination. The « factor
indicates that we are likely viewing the binary at very
high inclination, such that accretion luminosity is pref-
erentially beamed away from the line of sight. Thus, the
accretion rate onto the neutron star is likely higher than
inferred.

4.6. Stellar spin frequency

We searched 31 of the observed X-ray bursts for a pres-
ence of burst oscillations, finding one candidate signal
at a frequency of 386.5Hz. With a single trial proba-
bility of 10~'2, the detected signal deviates significantly
from the expected noise distribution. After accounting

for all frequencies tested across all bursts, we conserva-
tively estimated the multi-trial adjusted probability at
2.8 x 1073,

The signal was detected only after binning the power
spectra by a factor of four, suggesting that the underly-
ing oscillation had a drifting frequency. Considering the
sub-threshold detections around the peak power shows
weak evidence that the signal is drifting by about 1Hz
in the & 2s period that the power is highest. Consider-
ing that the candidate detection occurs during the rising
slope of X-ray burst #2, such a drift in frequency would
be in line with known behaviors of burst oscillations (see,
e.g., Watts 2012).

The fractional amplitude of the signal is measured at
26 + 4%. While such an amplitude is plausible from
theoretical considerations (Mahmoodifar & Strohmayer
2016), the observational record indicates that it is com-
paratively large (Ootes et al. 2017; Galloway et al. 2020).
While rising phase burst oscillations have systematically
larger amplitudes than cooling tail oscillations, the am-
plitude also depends on the accretion rate. Similarly
strong oscillations are normally observed only in the soft
state (Ootes et al. 2017; Galloway et al. 2020). In con-
trast, the burst oscillation candidate detected in this
work occurred in the hard state.

In addition to showing different amplitudes, the de-
tectability of burst oscillations also depends on the
source spectral state. Burst oscillations can occur at
any accretion rate, however the fraction of bursts that
show such oscillations has been found to be much higher
in the soft state than in the hard state (Muno et al. 2004;
Ootes et al. 2017; Galloway et al. 2020). This tendency
may go some way to explain why we only detected one
candidate signal out of 31 analyzed bursts. A caveat,
however, is that all known systematics of burst oscilla-
tions are derived entirely from observations made with
RXTE, and thus based on an higher energy passband
than that of NICER. A limited number of burst oscilla-
tion detections made with NICER (Mahmoodifar et al.
2019; Bult et al. 2019a) do not yet point to dramati-
cally different behavior at lower energies. Instead, be-



cause the burst oscillation amplitudes increase with pho-
ton energy, it appears to be more challenging to observe
these signals with NICER than it was with RXTE. This
energy dependence might also play a role in explaining
why the 386.5 Hz signal was only detected in a single
X-ray burst.

While the 386.5 Hz burst oscillation candidate devi-
ates significantly from the noise distribution, it is only
observed in a single independent time-frame and does
not repeat in any of the other bursts. So, while all
observed characteristics make it a plausible burst os-
cillation, we caution that this signal should be treated
as a candidate until it can be independently confirmed.
Even with all noted caveats, it is worth stressing that the
386.5 Hz signal reported here is more prominent than the
1122 Hz oscillation candidate reported by Kaaret et al.
(2007), which had a single trial probability of 5 x 10710,
The ratio of the two frequencies is 2.9, so it is possible
that the two signals are harmonically related. However,
given that such a relation prefers a fundamental fre-
quency smaller than 386.5 Hz and that burst oscillations
tend to appear at or below the underlying spin frequency
(Watts 2012), such an interpretation does not appear
probable. Either way, based on the NICER observa-
tions presented here, it seems unlikely that XTE J1739
has a sub-millisecond spin period.
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APPENDIX

A. SPECTROSCOPY

Table A1l. Preburst spectral parameters

Burst Nu Photon Index X-ray Flux Bol. Flux x? /bins
(x10%? cm™?) (x107 % ergs P em™?)  (x10 % ergs™ ' cm™?)
1 1.49 £0.04 0.451 £ 0.010 0.77 £0.02 253.96 / 200
2 1.50 £ 0.04 0.464 £ 0.010 0.79 +£0.02 170.85 / 197
3 1.48 £0.04 0.460 £ 0.010 0.78 £0.02 209.59 / 195
4 1.48 +£0.07 0.457 +0.016 0.78 £0.03 94.70 / 79
5 1.45 £0.04 0.585 + 0.013 1.00 £ 0.03 164.74 / 184
6 1.48 £0.04 0.586 + 0.011 1.00 + 0.02 239.28 / 238
7 1.52 £ 0.04 0.611 £0.011 1.03 £ 0.02 254.14 / 254
8 1.45+0.05 0.631 £0.016 1.08 £ 0.04 130.10 / 141
9 1.62 £ 0.06 0.768 £ 0.022 1.27 £ 0.04 95.82 / 106
10 1.61 £0.03 0.762 £ 0.012 1.27 £ 0.02 295.87 / 291
11 1.64 £0.03 0.733 £0.012 1.21 £ 0.02 285.46 / 287
12 1.63 £ 0.03 0.739 + 0.012 1.23 +0.02 317.18 / 286
13 1.60 £0.03 0.732 £ 0.012 1.22 £ 0.02 254.77 / 276
14 1.62 £0.03 0.747 £ 0.012 1.24 +0.02 280.75 / 289
15 1.71 £0.03 0.755 + 0.012 1.25 +0.02 331.93 / 292
16 173 4 0.01 1.65 £ 0.03 0.727 £ 0.012 1.20 £ 0.02 311.73 / 283
17 1.65 £ 0.03 0.719 £0.012 1.19 £ 0.02 288.83 / 283
18 1.67 £0.03 0.702 £ 0.012 1.16 £ 0.02 274.24 / 274
19 1.63 £ 0.04 0.684 £0.013 1.13 £0.02 206.22 / 218
20 1.68 +0.04 0.686 £ 0.011 1.13 £0.02 254.35 / 272
21 1.83 +£0.04 0.742 £ 0.012 1.24 £ 0.02 321.53 / 286
22 1.99 £0.03 0.833 +0.013 1.46 +0.03 324.82 / 288
23 2.05+0.03 0.866 + 0.014 1.57 +0.04 263.70 / 293
24 2.07£0.05 0.929 + 0.020 1.70 + 0.06 153.40 / 191
25 2.05+0.04 0.839 £0.014 1.52 £ 0.04 289.66 / 295
26 2.08 £0.03 0.860 £ 0.014 1.58 £ 0.05 302.44 / 293
27 2.144+0.03 0.864 £0.015 1.65+0.05 250.30 / 287
28 2.14+0.03 0.894 £ 0.016 1.78 £ 0.06 350.75 / 295
29 1.97 +£0.02 1.026 £+ 0.012 1.79 £ 0.03 427.82 / 433
30 2.1440.03 0.954 + 0.016 1.82 +0.06 275.86 / 301
31 2.124+0.04 0.554 £ 0.011 1.04 £0.04 266.98 / 222
32 2.07+0.04 0.469 + 0.010 0.86 +0.03 240.30 / 201

NoTE—Reported X-ray fluxes are unabsorbed and measured in the 0.5 — 10keV band. Bolometric fluxes are estimated by
extrapolating the spectral model between 0.01 — 100keV. All uncertainties are quoted at 90% confidence. The right-most
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column of the table lists the x? and number of bins contributed by each spectrum. Adding this column together, we obtain a
joined x? fit statistic of 8182.10 for 7965 degrees of freedom.
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