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Thermonuclear X-ray bursts 
§  Caused by unstable ignition of accreted fuel (H+He or ~pure He) on the 

surface of neutron stars accreting from low-mass binary companions; 
~100 bursters known 

 

§  Typical recurrence time (at accretion rates of 10% Eddington) is a few 
hours; peak fluxes of 1038 erg/s; fluences of 1039–1040 erg 

§  Burst properties vary dramatically with accretion rate, and even source 
(persistent) spectral state see poster B6 (Jari Kajava) 

MINBAR: A comprehensive study of 6000+ thermonuclear shell flashes from neutron stars (Galloway) 2 



MINBAR: A comprehensive study of 6000+ thermonuclear shell flashes from neutron stars (Galloway) 

Thermonuclear burst observations 
§  Thermonuclear burst research has benefited over the last 

20 years from two long-duration missions – BeppoSAX 
and RXTE – with broad science goals leading to 
extensive observations of many burst sources 

§  ESA mission INTEGRAL provides ongoing wide-field 
coverage of burst sources with JEM-X and ISGRI 

§  There are also smaller datasets accumulated from 
observations by XMM-Newton, Chandra, Swift etc. 

§  The result is an extensive (and still growing) archive of 
tens of thousands of observations of burst sources, 
containing more than 6000 individual events  

§  Much phenomenology is understood, but there are 
several open science questions that remain unanswered 
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Open questions 
§  What conditions give rise to short recurrence time bursts? e.g. Boirin et al. 

2007, A&A 465, 559 

§  Why does the burst rate decrease for most sources as the accretion 
rate increases? e.g. Cornelisse et al. 2003,  A&A 405, 1033 

§  Why do bursts appear to cease for most sources well below the 
Eddington accretion rate, where theoretical models predict they 
should? e.g. Fujimoto et al. 1981, ApJ 247, 267 

Short campaigns on individual sources typically span a limited range of 
accretion rates, so it is difficult to address these questions 
observationally. Furthermore, the diversity of burst sources make it risky 
to generalise e.g. van Paradijs et al. 1988, MNRAS 233, 437 

These issues motivate large population studies of bursts drawing from all 
the available public data 
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The Multi-INstrument Burst ARchive 
§  Extension of the sample of 1187 bursts observed by the Rossi X-ray 

Timing Explorer (RXTE) from 48 sources Galloway et al. 2008, ApJS 179, 360 

–  Incorporated additional ~1000 bursts observed by RXTE through to the 
end of mission (2012 Jan); 

–  ~2200 bursts observed with the BeppoSAX Wide-Field Camera (WFC)  

–  ~2500 bursts detected by the JEM-X cameras onboard INTEGRAL; 
further observations ongoing 

§  Currently 6909 thermonuclear bursts from 84 burst sources (v0.7); companion 
observation table includes 233792 observations from 99 sources 

§  Data analysis underway; goal is to provide uniform analysis of individual bursts, 
including peak flux, fluence, lightcurve parameters, and time-resolved 
spectroscopy (where signal permits) 
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Science exploitation of the catalog 
§  Has been limited so far in the assembly phase; papers benefiting from 

this work listed at http://goo.gl/TQRxpr (8 papers, 58 citations) 

§  More details, including summaries of burst totals per source and source 
list, at the project Wiki: http://burst.sci.monash.edu/minbar/wiki  

§  Median exposure is 8 Ms; got over 1000 bursts from 4U 1728–34, 644 
from 4U 1636–536 
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§  These events recur after intervals as short as 3.8 min – undoubtedly 
thermonuclear, but this is too brief to reach the critical pressure and 
temperature to achieve ignition 

§  Keek et al (2010, ApJ 718, 292) analysed 136 bursts from MINBAR with 
recurrence times shorter than 1 hr 

Short recurrence time bursts 
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Figure 13. Histogram of the neutron star spin νspin determined from X-ray
observations, for all LMXBs with known spin, for the known bursters and for
the sources that exhibit multiple-bursts (Table 1). The latter are concentrated at
the high end of the distribution of known spins. The dotted line indicates the
number of bursts in the MINBAR catalog for the bursters in each bin (right-hand
axis).
(A color version of this figure is available in the online journal.)

One of these sources, KS 1731-260, is known to have a large
spin frequency of νspin = 524 Hz (Smith et al. 1997).

3.11. Quadruple Burst from 4U 1636-53

To illustrate the properties of LWT and SWT bursts, of which
we have shown the distributions using a large number of bursts
from the catalog, we consider the quadruple burst from 4U 1636-
53 (Figure 14). The four bursts occurred within 54 minutes, and
the time between the burst onsets is 18.2 minutes, 17.9 minutes,
and 16.8 minutes, respectively. As indicated in Figure 14, the
first burst has by far the longest decay time τ . The first burst
has a peak flux and fluence that is over seven times larger than
any of the three SWT bursts. The peak blackbody temperature
(kT ) of the four bursts is, respectively, (1.67 ± 0.02) keV,
(1.06 ± 0.06) keV, (1.51 ± 0.06) keV, and (1.50 ± 0.04) keV:
again the first burst has the highest value. The combined net
burst fluence of the quadruple event is (2.93 ± 0.05) 1039erg,
which is 35% higher than the average fluence of single bursts
from this source and 27% higher than the fluence of the first
burst from the quadruplet. This means that at least 27% of the
available fuel did not burn in the initial burst.

4. DISCUSSION

We study the short recurrence time behavior in a large sample
of bursts from multiple sources. We use a preliminary version of
the MINBAR burst catalog, containing 3387 Type I X-ray bursts
from 65 sources. Fifteen sources exhibit bursts with recurrence
times less then 1 hr: SWT bursts. The short recurrence times
do not allow for the accretion of the hydrogen and helium
that is burned during the burst, which means that it must have
been accreted before the previous burst. For example, the burst
fluences from the quadruple event we observe from 4U 1636-53
indicate that at least 27% of the accreted fuel did not burn in the
first burst. This is in contradiction with current one-dimensional
multi-zone models, which predict that during a flash over 90%
of the available fuel is burned (e.g., Woosley et al. 2004). The
aim of this study is to provide a comprehensive observational
assessment of the SWT behavior.
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Figure 14. Quadruple burst from 4U 1636-53 as observed with the RXTE PCA
on MJD 52286. Light curve at 2 s time resolution (top) and zoomed in on each
burst at 1 s time resolution (bottom). For each burst we indicate the (longest)
exponential decay time τ .

4.1. Temperature and Energetics

We perform time-resolved spectroscopy of the bursts, and
find that SWT bursts are on average less bright and reach
a lower blackbody temperature at the peak than the LWT
bursts. The fluence of SWT bursts is on average lower, but
the combined bursts in a multiple-burst event are as energetic as
the most energetic single bursts. This is in agreement with the
XMM-Newton observations of EXO 0748-676 analyzed by
Boirin et al. (2007). In contrast to that investigation, however,
we find that the distributions of these quantities for single and for
first bursts of multiple-burst events are not compatible according
to K-S tests. It is possible that our improved statistics allows us
to see a disparity that previously went unnoticed.

4.2. Multiple Surface Regions versus Multiple Layers

Several ideas have been put forward to explain SWT bursts in
an attempt to answer the two main questions: how to preserve
fuel during a burst for the next burst, and how to reignite this
fuel on a timescale of approximately 10 minutes. Subsequent
bursts with short recurrence time may take place in different
regions of the neutron star surface. The accreted matter may
be confined by a magnetic dipole field to the poles of the
neutron star, or perhaps the burning front of a burst is stalled
at the equator if the inflow of matter from the accretion disk
is particularly strong there. This would provide an explanation
for double bursts, but the triple and quadruple bursts that we
observe would require a more complicated configuration of
the magnetic field. Furthermore, Boirin et al. (2007) find for
EXO 0748-676 that there is no evidence for a difference in the
X-ray emitting region during the different bursts of multiple-
burst events. Also, they find indications that SWT bursts burn a
fuel mixture with a lower hydrogen content, which would not
be the case if different regions of pristine accreted material are
burned. We, therefore, favor the scenario where SWT bursts take
place in different layers on top of each other (Fujimoto et al.

§  Such bursts occur in groups of up to 4; are 
seen from 15 sources; and never from 
ultracompact sources or those thought to 
accrete pure He 

§  Spin periods, where known, are all fast 
(~500 Hz) suggesting a role for 
rotationally-induced mixing 

§  Modeling efforts are ongoing 
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Variable persistent flux 
§  Efforts to better test the standard blackbody net burst spectral fitting 

approach led to the finding that the fits are significantly improved if the 
pre-burst persistent spectral contribution is left free in the fits 
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§  Worpel et al. (2013, ApJ 772, #94) investigated 
first the photospheric radius-expansion (PRE) 
bursts, but subsequently this was also shown to 
be true in non-PRE bursts (see poster J2) 

§  This effect was also demonstrated in a 
remarkable Chandra/RXTE observation of a 
bright PRE burst from SAX J1808.4–3658 in 
2011 

§  in ‘t Zand et al. (2013, A&A 553, 83) found 
increases in the persistent flux contribution of 
up to a factor of 20 

J. J. M. in ’t Zand et al.: A bright thermonuclear X-ray burst observed with Chandra and RXTE
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Fig. 4. Deconvolved spectra for 2 to 5 s after burst onset. The top panel
shows the Chandra (black) and RXTE (red) spectrum. Data points are
indicated by crosses and the total model by the histogram. The upper
dotted curve represents the black body component and the lower two
curved lines comprise the model components for the pre-burst radia-
tion. The model is a bad fit (χ2

ν = 3.505 for ν = 268), but can be
made consistent with the data by leaving free the normalization fa of
the non-burst model (χ2

ν = 0.963 for ν = 267). In the bottom panel the
residual spectrum is plotted after subtraction of the fitted black body
model (crosses). The model for the non-burst spectrum is plotted as a
histogram. For clarity Chandra data is plotted up to 3 keV and RXTE
data beyond 3 keV (only PCU2 to extend the energy range from 20 to
30 keV for visualization purposes). (Color version of figure available in
online version.)

electrons in either the NS atmosphere or the accretion disk. The
former was first put forward by London et al. (1986), further
developed by Madej et al. (2004) and most recently calculated
by Suleimanov et al. (2011, 2012). Hot atmospheric electrons
harden the photons coming from below and increase the ob-
served temperature to a value that is one to two times larger than
the effective temperature. A soft excess remains (see Fig. 7 in
Suleimanov et al. 2011). The model’s free parameters are the lu-
minosity in terms of the Eddington value and the NS radius. The
fit of this model to the first data set (see Table 2) is insufficient,
but that may be expected because model does not formally apply
to radiation at the Eddington limit. The fit to the second data set,
at sub Edddington flux levels, is not acceptable either. The data
have a broader spectrum than the model.

Scattering by the accretion disk is calculated through the
reflection model by Ballantyne (2004). In this model, black
body radiation is assumed to hit the accretion disk and in-
stantly photo-ionize it. The disk is modeled as a constant-density
1-dimensional slab. The radiation then is reprocessed by the
disk and re-emitted into the line of sight. Above a few keV

the reflected spectrum is very similar to the black body spec-
trum. Below a few keV it shows a soft excess whose detail
depends on the level of ionization. The magnitude of the soft
excess is a strong function of the density of the disk (see Fig. 4
in Ballantyne 2004). The total amount of reflection depends on
the observer’s viewing angle of the accretion disk. The model’s
free parameters are the black body temperature kT , the ion-
ization parameter log ξ (ξ in units of erg cm s−1) and the re-
flection fraction R. We first tested the disk model with density
nH = 1015 H-atoms cm−3 on the 2–5 s data, but this turns out
to be unacceptable. A model with nH = 1020 H-atoms cm−3 per-
forms better and is able to fit the soft excess reasonably. The re-
sults are provided in Table 2. The reflection fraction turns out
to be very large (10) for the 2–5 s data. It cannot be forced
to smaller values by leaving free other parameters such as NH.
That may suggest that nH is even higher, although 1023 cm−3 is
close to the maximum value in standard accretion disk theory
(Shakura & Sunyaev 1973). The strong coupling between R and
nH makes it difficult to obtain a good constraint on both, though.
Unfortunately, due to increasing importance of 3-body interac-
tions, there is no model yet available for higher nH values.

The third model involves the addition of a second black body
component with a different temperature. This is based on the
possibility that there is exists a boundary layer between the ac-
cretion disk and the neutron star where radiation is released due
to friction between both (Inogamov & Sunyaev 1999, 2010). Fits
with this model are fairly good, see Table 2. We checked whether
the small residual soft excess for the 2–5 s data is resolvable
with a smaller value for NH but it is not completely (χ2

ν = 1.229
with ν = 266 for NH = 0 cm−2).

The fourth model is a straightforward variation of the ini-
tial model, namely to leave free the normalization fa (with re-
spect to the pre-burst value) of the persistent emission compo-
nent listed in Table 1. This simple model was recently employed
by Worpel et al. (2012) to model successfully 332 PCA-detected
X-ray bursts with photospheric expansion in the 3–20 keV band.
This model performs at least as well in terms of χ2

ν as the dou-
ble black body and reflection model, see Table 2, but on top of
that it shows the least amount of systematic trend in the resid-
uals for both spectra. Therefore, we chose to perform the full
time-resolved spectral analysis with this model and note that
the results for the primary black body component are similar
as in the double black body model. Henceforth, we will call this
the “ fa” model.

The “ fa” model is illustrated in the bottom panel of Fig. 4
where the 2–5 s spectrum is shown after the fitted black body
model is subtracted. The model of the pre-burst spectrum is also
shown. Over the 0.5–30 keV range shown, the shape is the same
to a fairly accurate degree. To obtain a sense of how similar the
persistent spectrum during this interval is to that before the burst,
we left free in addition the power law and disk black body pa-
rameters. The best-fit power law index becomes 1.83± 0.05 and
the disk black body kTin = 1.23±0.64 (χ2

ν = 0.701 for ν = 263).
Therefore, it is somewhat harder.

We defined time bins covering 200 s from the burst onset,
that were sufficiently short to resolve the spectral variations,
while maintaining adequate signal-to-noise for precise spectral
parameters. The adopted binning, achieved via trial-and-error,
totaled 47 approximately logarithmically-spaced bins between
0.1 s at burst onset and 16 s in the tail. All time bins except
one bridge the RXTE data gaps due to the full data buffer (see
Sect. 2). In Fig. 5 we show the results of fitting the “ fa” model.
The fits are excellent, except perhaps between 10 and 20 s, see
Sect. 4.3. The soft excess remains until 20–30 s after the burst

A83, page 5 of 11
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Burst rate for six sources 

9 Frequent long bursts at moderate Ṁ .—Recurrence times are
in the range 2Y6 hr, varying inversely with Ṁ , and the long rise
times!5 s, ! ¼ 20Y40, " ! 40 (as well as detailed model com-
parisons in the case of GS 1826#24; see x A.40) indicate He ig-
nition inmixedH/He fuelwhere theH fraction is reduced (but not
exhausted) by steady burning between the bursts.
Inhomogeneous bursts.—These transients routinely span a wide

range of Ṁ during their outbursts. As a result, the burst proper-
ties are highly variable, at times frequent and long, or infrequent
and short, depending on the Ṁ . Orbital periods are a few hours or
longer, where known; none of the examples are thought to be
ultracompact.

Consistently short bursts.—These sources accrete at Ṁ levels
comparable to the previous group, but consistently show short
(! < 10) bursts with " > 100 characteristic of pure or almost-
pure He fuel. In the case of 3A 1820#30 and 4U 1916#053, this
is consistentwith their ultracompact nature, although this explana-
tionmanifestly does not explain 4U1735#44 (Porb ¼ 4:65 hr; see
also x 3.8.3).
High Ṁ .—Both these sources accrete at $1 ṀEdd, and show

either very short bursts (in the case of Cyg X-2) or a mix of short
and extremely long (GX 17+2) bursts. These bursts represent
a considerable challenge for conventional burst theory (see also
x 3.8.1).

Fig. 15.—Burst rates (top) and "-values (bottom) for 4U 1636#536 and 4U 1728#34 plotted as a function of # (left) and SZ (right). Bursts are combined in groups of
!25 for binning to calculate the mean rates (4U 1636#536 plotted as a solid histogram, and 4U 1728#34 dotted). The symbol at the top right of each panel shows the
typical 1 $ uncertainty on the value in each bin. Also plotted are the instantaneous burst rates (1/trec) and "-values for selected pairs of bursts from these two sources
( filled/open circles). While the #/SZ range spanned by the two sources is almost identical, the variation of the burst rate and " is distinctly different.
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RXTE burst catalog 
(Galloway et al. 2008) 
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No observations at higher 
gamma, so no evidence 
for burst rate downturn 



KEPLER models 
Monash student Nathanael Lampe 

has analysed a large sample of 

KEPLER (Woosley et al. 2004 ApJS 

151, 75) burst model results 

In a companion effort to MINBAR we 

have measured burst recurrence 

time and burst properties for a wide 

range of input conditions; ultimate 

goal is using this sample to make 

detailed comparisons with 

observations 

These analyses results will be 

released shortly as a paper and data 

tables 
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Burst recurrence time as a function of accretion rate, for 
different metallicities. Red lines are power-law fits in the 

region of “Case 3” (mixed H/He burning). Blue bands are 
the expected recurrence time at which the transition to 

“Case 2” (pure He) bursts occurs 
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Burst rate for six sources 

Frequent long bursts at moderate Ṁ .—Recurrence times are
in the range 2Y6 hr, varying inversely with Ṁ , and the long rise
times!5 s, ! ¼ 20Y40, " ! 40 (as well as detailed model com-
parisons in the case of GS 1826#24; see x A.40) indicate He ig-
nition inmixedH/He fuelwhere theH fraction is reduced (but not
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Inhomogeneous bursts.—These transients routinely span a wide
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(! < 10) bursts with " > 100 characteristic of pure or almost-
pure He fuel. In the case of 3A 1820#30 and 4U 1916#053, this
is consistentwith their ultracompact nature, although this explana-
tionmanifestly does not explain 4U1735#44 (Porb ¼ 4:65 hr; see
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High Ṁ .—Both these sources accrete at $1 ṀEdd, and show

either very short bursts (in the case of Cyg X-2) or a mix of short
and extremely long (GX 17+2) bursts. These bursts represent
a considerable challenge for conventional burst theory (see also
x 3.8.1).

Fig. 15.—Burst rates (top) and "-values (bottom) for 4U 1636#536 and 4U 1728#34 plotted as a function of # (left) and SZ (right). Bursts are combined in groups of
!25 for binning to calculate the mean rates (4U 1636#536 plotted as a solid histogram, and 4U 1728#34 dotted). The symbol at the top right of each panel shows the
typical 1 $ uncertainty on the value in each bin. Also plotted are the instantaneous burst rates (1/trec) and "-values for selected pairs of bursts from these two sources
( filled/open circles). While the #/SZ range spanned by the two sources is almost identical, the variation of the burst rate and " is distinctly different.
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High Ṁ .—Both these sources accrete at $1 ṀEdd, and show
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( filled/open circles). While the #/SZ range spanned by the two sources is almost identical, the variation of the burst rate and " is distinctly different.
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MINBAR: A comprehensive study of 6000+ thermonuclear shell flashes from neutron stars (Galloway) 

Summary and future work 

•  Continued integration work 
on data in-hand; propagate 
through to web interface 

•  Spectral fits of JEM-X data 

•  Inclusion of XMM-Newton 
and Chandra data? 

•  Instrumental cross-
calibration 

•  Publication & data release 

web interface at http://burst.sci.monash.edu 
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