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Three reasons to be interested from a 
nuclear astrophysics perspective 

magnetars

1. from the surface to the inner crust, 
matter explores the full range of 
proton-rich to neutron-rich nuclei

2. bright transient events: opportunity 
to study the neutron star and probe 
dense matter, e.g. radius 
measurement

3. fast evolution times: study time 
evolution of thin shell flashes and 
other stellar processes on observable 
timescales

accreting
neutron stars
accreting 

neutron stars



Observational signatures of nuclear burning (10 yrs ago)

accreting
neutron stars

- Type I X-ray bursts
- Superbursts
- Burst oscillations   

Heger et al. (2007)

Strohmayer & Markwardt (1999)

Kuulkers et al. (2002)



Recent advances (last ~5 years)

New observational 
windows

accreting
neutron stars

- Type I X-ray bursts
- Superbursts
- Burst oscillations   
- mHz QPOs (oscillatory burning mode)
- long helium flashes
- rare events and objects
- large observational catalog of bursts
- evidence for ejected shell in PRE bursts

p-rich side

- thermal tomography of neutron star 
crusts (crust relaxation in accreting 
transients and magnetars)
- mechanical properties of crust from 
magnetar crust oscillations (QPOs in 
SGR giant flares)

n-rich side

resurgence of work 
on measuring M,R 
from X-ray burst 
spectra



accreting
neutron stars

Identification of burning regimes

mHz QPOs: marginally stable burning

Heger et al. (2007)

an rp-process powered clock!

rp-process powered bursts from GS1826-24

Heger et al. (2007)

Revnitsev et al. (2001)

Cumming et al. (2012)

intermediate bursts
(long He flashes)



accreting
neutron stars

Coupling between burning shells
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Fig. 1.—Color-color diagram (Altamirano et al. 2007). Each data point
represents the average of an observation (≈2 to ≈30 ks). The ellipse marks
the region in which mHz QPOs with decreasing frequency were found. The
labels A, B, and C correspond to those in Fig. 3.

Fig. 2.—Dynamical power spectrum, smoothed with a 750 s sliding window
with steps of 200 s, showing the mHz QPOs during the last 12 ks before the
X-ray burst occurs. This sequence corresponds to interval B in Figs. 1 and 3;
i.e., observation 60032-05-02-00). The three black vertical lines correspond
to the times of occurrence of the X-ray bursts. For clarity, we plot only powers
above 10 that correspond to !2 j (single trial per 750 s window but normalized
to the number of possible frequencies in the range 0–0.5 Hz).

This provides us with an opportunity to study the mHz QPOs in
harder and lower luminosity states than was possible up to now.

2. DATA ANALYSIS AND RESULTS

We used data from the RXTE Proportional Counter Array
and the High-Energy X-Ray Timing Experiment (PCA and
HEXTE, respectively; for instrument information, see Jahoda
et al. 2006 and Gruber et al. 1996). Up until June 2006, there
were 338 public pointed observations. An observation covers
one to five consecutive 90 minute satellite orbits. Usually, an
orbit contains between 1 and 5 ks of useful data separated by
1–4 ks data gaps; on rare occasions, the visibility windows
were such that RXTE continuously observed the source for up
to 27 ks. In total, there were 649 gap-free data segments of
length 0.3–27 ks.

We produced energy spectra for each observation using stan-
dard data modes and fitted them in the 2–25 and 20–150 keV
bands for PCA and HEXTE, respectively. The interstellar ab-
sorption NH was fixed at cm!2 (see Schulz 1999;213.75 # 10
Fiocchi et al. 2006). We used 1 s resolution event mode PCA
light curves in the ≈2–5 keV range (where the mHz QPOs are
strongest) and searched for periodicities in each of the 649
segments separately, using Lomb-Scargle periodograms (Lomb
1976; Scargle 1982; Press et al. 1992). Segments in which one
or more type I X-ray bursts were detected were searched for
periodicities before, in between, and after the bursts. We find
that the oscillations in the ≈2–5 keV range are evident from
the light curves (see, e.g., Fig. 1 in Revnivtsev et al. 2001).
The significance, as estimated from our Lomb-Scargle perio-
dograms (Press et al. 1992), confirms that the oscillations are
all above the 3 j level. We estimated the uncertainties in the
measured frequencies by fitting a sinusoid to 1000 s data seg-
ments, to minimize frequency-drift effects. The typical errors
on the frequency are of the order of Hz [or!5(2–6) # 10

mHz].!2(2–6) # 10
We detected mHz QPOs in 124 of the 649 segments. Most

occur in segments with less than 4 ks of useful data, and some-

times the QPOs cover only part of a segment. Revnivtsev et
al. (2001) reported the characteristics of the mHz QPOs be-
tween 1996 March and 1999 February. Using the X-ray colors
averaged per observation as reported by Altamirano et al.
(2007), we find that their data sample the region at hard colors
"0.7 and soft colors !1 (see Fig. 1), which represent the so-
called banana state (van der Klis 2006). Some of the later
observations also sample the banana state. We reanalyzed all
the data in this region of the color-color diagram and found
results that are consistent with those reported by Revnivtsev
et al. (2001): the frequency of the QPOs varies randomly be-
tween 6 and 9 mHz.

In the harder state, close to the transition between the island
and the banana state and marked with the ellipse drawn in
Figure 1, we found 22 segments with significant mHz QPOs;
in these observations, the (2–150 keV) luminosity was

ergs s!1, whereas for the other ob-36 2(6–10) # 10 [d/(6 kpc)]
servations, corresponding to the banana state, it was higher,

ergs s!1.36 2(10–35) # 10 [d/(6 kpc)]
Among the 22 segments, we distinguish two groups on the basis

of segment length: the first consisted of four segments, each with
more than 14 ks of uninterrupted data, and the second consisted of
18 segments, each corresponding to one orbit with less than ≈4 ks
of useful data. For all four segments in the first group, we measure
a systematic decrease of frequency from between 10.7 and 12.5
mHz down to less than 9 mHz over a time interval of 8–12 ks,
after which an X-ray burst occurs and the QPOs disappear (the
QPOs become much less than 3 j significant). Figure 2 shows a
representative dynamical power spectrum corresponding to one of
these segments (interval B in Fig. 3). The QPO is present ≈12 ks

Altamirano et al. (2008):  mHz QPO frequency 
drift predicts the onset of the flash!

The Astrophysical Journal, 743:189 (15pp), 2011 December 20 Keek & Heger

Figure 14. For a model without a precursor (Ṁ = 0.30 ṀEdd and Qb =
0.22 MeV nucleon−1) the energy generation/loss (color scale) in the neutron
star envelope as a function of time in a short interval around the superburst
onset. Green hatching indicates convection.
(A color version of this figure is available in the online journal.)

atmosphere model displays a sharper drop in luminosity. The
smoother luminosity decrease of the other model may lead to
the interpretation that the precursor in this case has a duration
that is several seconds shorter. After the precursor, the light
curves of the two models are virtually identical. Therefore, both
the duration and the peak luminosity of the shock breakout and
the precursor depend greatly on the extent of the atmosphere.
Note that the neutron star photosphere is expected at a column
depth of approximately y " 1 g cm−2, and it is likely that at that
column depth the shock breakout peak as well as the precursor
properties are different from our results.

The shock heating of the outer layers induces some carbon
burning, but the amount of heat generated by the nuclear
reactions is too small to substantially alter the light curve, as we
checked by comparing to a model where burning was disabled in
that region. Therefore, the precursor is in these models virtually
completely powered by shock heating.

The hottest models at the highest accretion rates do not
show precursors at all (Section 3.4). We compare the model
with a precursor from Figure 9 to a hotter one (Qb =
0.22 MeV nucleon−1) that lacks a precursor (Figure 14). The
hotter model’s burst has a shallower ignition depth, and is, con-
sequently, less powerful. The shock causes only minimal radius
expansion, and does not provide enough heating to produce a
precursor burst or to ignite carbon close to the surface. In this
case there is only one region of carbon burning (Figure 14).

3.6. Comparison to 4U 1636-53

We compare several of our simulated light curves to the
observed light curve from the superburst of 4U 1636-53 that
was observed with the Proportional Counter Array (PCA) on
board the RXTE (Figure 15; Strohmayer & Markwardt 2002;
see also Kuulkers 2004; Kuulkers et al. 2004). The PCA
consists of five Proportional Counter Units (PCUs). We use
standard 1 data from PCU 2 in the full instrument bandpass,
and correct it for dead time following the prescription from
the RXTE Cookbook.1 We subtract the persistent emission as
measured from the end of the last orbit that we consider. In

1 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/pca_deadtime.html

Figure 15. Comparison of the observed light curve of 4U 1636-53 to light curves
of superburst models with Ṁ = 0.10 ṀEdd and Ṁ = 0.40 ṀEdd for indicated
values of Qb on a logarithmic scale. The bottom figure shows the data of the
middle one on a linear scale.
(A color version of this figure is available in the online journal.)

this we assume the persistent flux to remain constant during
the superburst, which is probably not the case: in the day
preceding the superburst, the persistent flux varied by around
102 counts s−1 PCU−1. Because the superburst lasts longer than
the orbit of RXTE, the observation was interrupted three times
by Earth occultations, resulting in gaps in the light curve.

The simulated light curves are constructed taking into account
the PCA’s instrument response and astrophysical effects. We
use the surface radius and temperature from our models to
calculate the blackbody emission from the superbursts. The
temperature is increased by a typical color correction factor
of 1.5 to account for deviation from a pure blackbody spectrum

8

Superburst precursors

Keek et al. (2011)

A probe of unstable carbon burning in a 
different and more directly observable 
environment 



accreting
neutron stars

Thermal tomography of neutron star crusts

Scholz et al. (2012)

Time (d)

– 33 –

Fig. 8.— A model of the thermal relaxation of the neutron-star crust that approximately

reproduces the observed 1–10 keV luminosity decay assuming a distance of 1.6 kpc. In the
model, we deposit an energy 3 × 1042 ergs in the outer crust between densities of 2 × 109–

3 × 1010 g cm−3. The subsequent cooling of the crust gives a good match to the observed
light curve.

Magnetar Swift J1822.3-1606

Accreting neutron star MXB 1659-29

Nuclear evolution in the crust 
determines the heating AND the 
conductivity/thermal time

Brown & Cumming (2009)

For magnetars, need to understand 
the crust composition etc. to infer the 
magnetic heating profile



accreting
neutron stars

Spectral evolution during bursts: constrain neutron star 
mass and radius

4U 1724-307; Suleimanov et al. (2011)
see also papers by Ozel et al., Steiner et al.

The Astrophysical Journal, 742:122 (12pp), 2011 December 1 Suleimanov et al.

Table 1
Best-fit Parameters

Atmosphere Model FEdd A TEdd,∞ χ2/dof M R
(10−7 erg s−1 cm−2) (km/10 kpc)−1/2 (107 K) (M#) (km)

Hydrogen 0.525 ± 0.025 0.170 ± 0.001 1.64 ± 0.02 5.0/5 1.9 ± 0.4/2.45 ± 0.15 14.7 ± 0.8/11.7 ± 1.3
1.4 (fixed) 14.2 ± 0.4

Solar H/He, Z = 0.3 Z# 0.521 ± 0.020 0.172 ± 0.002 1.66 ± 0.02 5.8/5 1.85 ± 0.6/2.7 ± 0.15 15.5 ± 1.5/13.0 ± 1.0
1.4 (fixed) 15.2 ± 0.4

Helium 0.50 ± 0.02 0.178 ± 0.002 1.71 ± 0.02 11.3/5 1.05+0.55
−0.4 18.0+3.5

−3.5
1.4 (fixed) 20.2 ± 0.5

Notes. Results of the fits to the K−1/4–F dependence with the NS atmosphere models for various chemical compositions and log g = 14.0. For hydrogen and solar
composition atmospheres there are two solutions for M and R (see Figure 10). Neutron star mass and radius are computed from A and FEdd assuming a flat distribution
of the distance between 5.3 and 7.7 kpc with Gaussian tails of 1σ = 0.6 kpc. Errors correspond to the 90% confidence level.
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Figure 9. Comparison of the X-ray burst data for 4U 1724–307 to the theoretical
models of the NS atmosphere. The crosses present the observed dependence of
K−1/4 vs. F for the long burst, while the diamonds represent two short bursts
for the blackbody model with constant absorption NH = 1022 cm−2. The
solid curves correspond to the three best-fit theoretical models for the various
chemical compositions (see Figure 6). The best-fit parameters FEdd and A,
defined by Equations (6) and (12), are given in Table 1.
(A color version of this figure is available in the online journal.)

Carlo simulations to the distribution of M and R (Figure 10
and Table 1). Because of the uncertainty in the distance, the
resulting contours are elongated along the curves of the constant
Eddington temperature. The pure helium model atmospheres
give a mass that is too small from the stellar evolution point
of view. It is also below the mass-shedding limit if the star is
rotating faster than about 500 Hz. Pure hydrogen atmosphere
models are consistent with the data only for D < 6 kpc, while
the upper limit on the distance is 7 kpc for the atmosphere of
the solar composition. The hydrogen-rich atmosphere models
give a lower limit on the stellar radius of 14 km independently
of the metal abundance (see Table 1) for NS masses less than
2.3 M#, and smaller radii are allowed only for high NS masses.
For the helium atmosphere, the solution shifts toward higher
masses and larger radii exceeding the mass-shedding limit (e.g.,
for a 1.5 solar mass star the radius is about 20 km). If we
take the canonical NS mass of 1.4 M#, the NS radius is then
strongly constrained at R = 15.2±0.4 km assuming solar H/He
composition with Z = 0.3 Z# and 14.2 ± 0.4 km for hydrogen.
The obtained constraints (see Table 1) imply a stiff equation of
state of the NS matter.
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Figure 10. Constraints on the mass and radius of the NS in 4U 1724–307 from
the long burst spectra (fitted with the blackbody model and constant absorption).
The dotted curves correspond to the best-fit parameter A for the distance to the
source of 5.3 kpc. For a flat distribution of the distance between 5.3 and 7.7 kpc
with Gaussian tails of 1σ = 0.6 kpc, the constraints are shown by contours (90%
confidence level). They are elongated along the (dashed) curves corresponding
to the Eddington temperatures TEdd,∞ given by Equation (13) (which do not
depend on the distance). These correspond to the three chemical compositions:
green for pure hydrogen, blue for the solar ratio of H/He and subsolar metal
abundance Z = 0.3 Z# appropriate for Terzan 2 (Ortolani et al. 1997), and
red for pure helium. The mass–radius relations for several equations of state of
the neutron and strange star matter are shown by solid pink curves. The upper
left region is excluded by constraints from the causality requirements (Haensel
et al. 2007; Lattimer & Prakash 2007). The brown solid curves in the lower right
region correspond to the mass-shedding limit and delineate the zone forbidden
for 4U 1724–307, if it had a rotational frequency of 500 or 619 Hz, which is the
highest detected for the X-ray bursters (Strohmayer & Bildsten 2006).
(A color version of this figure is available in the online journal.)

The choice of the highest flux point at the K−1/4–F plot used
in the fitting procedure affects the results slightly. Neglecting
even the second point after the touchdown reduces the estimated
FEdd by 3%, while A (defined by the horizontal part of the
cooling track) remains unchanged. This leads to a 2% increase
in radius and a 4% decrease in the NS mass estimates. The fits
to the K−1/4–F dependence, which is obtained with blackbody
fits with free NH in the same flux intervals as for constant
NH, give values of A about 10% smaller, while the Eddington
flux estimates remain the same within 1%. In this case, the
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Table 1
Best-fit Parameters

Atmosphere Model FEdd A TEdd,∞ χ2/dof M R
(10−7 erg s−1 cm−2) (km/10 kpc)−1/2 (107 K) (M#) (km)

Hydrogen 0.525 ± 0.025 0.170 ± 0.001 1.64 ± 0.02 5.0/5 1.9 ± 0.4/2.45 ± 0.15 14.7 ± 0.8/11.7 ± 1.3
1.4 (fixed) 14.2 ± 0.4
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1.4 (fixed) 15.2 ± 0.4

Helium 0.50 ± 0.02 0.178 ± 0.002 1.71 ± 0.02 11.3/5 1.05+0.55
−0.4 18.0+3.5

−3.5
1.4 (fixed) 20.2 ± 0.5

Notes. Results of the fits to the K−1/4–F dependence with the NS atmosphere models for various chemical compositions and log g = 14.0. For hydrogen and solar
composition atmospheres there are two solutions for M and R (see Figure 10). Neutron star mass and radius are computed from A and FEdd assuming a flat distribution
of the distance between 5.3 and 7.7 kpc with Gaussian tails of 1σ = 0.6 kpc. Errors correspond to the 90% confidence level.
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Figure 9. Comparison of the X-ray burst data for 4U 1724–307 to the theoretical
models of the NS atmosphere. The crosses present the observed dependence of
K−1/4 vs. F for the long burst, while the diamonds represent two short bursts
for the blackbody model with constant absorption NH = 1022 cm−2. The
solid curves correspond to the three best-fit theoretical models for the various
chemical compositions (see Figure 6). The best-fit parameters FEdd and A,
defined by Equations (6) and (12), are given in Table 1.
(A color version of this figure is available in the online journal.)

Carlo simulations to the distribution of M and R (Figure 10
and Table 1). Because of the uncertainty in the distance, the
resulting contours are elongated along the curves of the constant
Eddington temperature. The pure helium model atmospheres
give a mass that is too small from the stellar evolution point
of view. It is also below the mass-shedding limit if the star is
rotating faster than about 500 Hz. Pure hydrogen atmosphere
models are consistent with the data only for D < 6 kpc, while
the upper limit on the distance is 7 kpc for the atmosphere of
the solar composition. The hydrogen-rich atmosphere models
give a lower limit on the stellar radius of 14 km independently
of the metal abundance (see Table 1) for NS masses less than
2.3 M#, and smaller radii are allowed only for high NS masses.
For the helium atmosphere, the solution shifts toward higher
masses and larger radii exceeding the mass-shedding limit (e.g.,
for a 1.5 solar mass star the radius is about 20 km). If we
take the canonical NS mass of 1.4 M#, the NS radius is then
strongly constrained at R = 15.2±0.4 km assuming solar H/He
composition with Z = 0.3 Z# and 14.2 ± 0.4 km for hydrogen.
The obtained constraints (see Table 1) imply a stiff equation of
state of the NS matter.
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Figure 10. Constraints on the mass and radius of the NS in 4U 1724–307 from
the long burst spectra (fitted with the blackbody model and constant absorption).
The dotted curves correspond to the best-fit parameter A for the distance to the
source of 5.3 kpc. For a flat distribution of the distance between 5.3 and 7.7 kpc
with Gaussian tails of 1σ = 0.6 kpc, the constraints are shown by contours (90%
confidence level). They are elongated along the (dashed) curves corresponding
to the Eddington temperatures TEdd,∞ given by Equation (13) (which do not
depend on the distance). These correspond to the three chemical compositions:
green for pure hydrogen, blue for the solar ratio of H/He and subsolar metal
abundance Z = 0.3 Z# appropriate for Terzan 2 (Ortolani et al. 1997), and
red for pure helium. The mass–radius relations for several equations of state of
the neutron and strange star matter are shown by solid pink curves. The upper
left region is excluded by constraints from the causality requirements (Haensel
et al. 2007; Lattimer & Prakash 2007). The brown solid curves in the lower right
region correspond to the mass-shedding limit and delineate the zone forbidden
for 4U 1724–307, if it had a rotational frequency of 500 or 619 Hz, which is the
highest detected for the X-ray bursters (Strohmayer & Bildsten 2006).
(A color version of this figure is available in the online journal.)

The choice of the highest flux point at the K−1/4–F plot used
in the fitting procedure affects the results slightly. Neglecting
even the second point after the touchdown reduces the estimated
FEdd by 3%, while A (defined by the horizontal part of the
cooling track) remains unchanged. This leads to a 2% increase
in radius and a 4% decrease in the NS mass estimates. The fits
to the K−1/4–F dependence, which is obtained with blackbody
fits with free NH in the same flux intervals as for constant
NH, give values of A about 10% smaller, while the Eddington
flux estimates remain the same within 1%. In this case, the
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Highlighted the systematic effects in radius determination that we need to understand



Recent advances (last ~5 years)
Observations

accreting
neutron stars

1. Long term monitoring of X-ray bursters and magnetars. 
Regular monitoring + ability to follow up when source “does 
something”. Joint timing, flux and spectral variations.

2. Archival data analysis.  Large databases of X-ray bursts 
(thousands), e.g. RXTE burst catalog (Galloway et al.) or 
ongoing MINBAR multi-mission catalog 

X-ray missions: XMM, Chandra, RXTE, Swift, INTEGRAL



Recent advances (last ~5 years)
Theory

accreting
neutron stars

1. Improved calculations of X-ray burst spectra (thermal 
emission)
2. Sensitivity studies: how burst observables depend on rp-
process nuclear physics (masses + rates) 
3. Multizone (spherical) models with full reaction networks. 
Survey of parameter space. Successes: GS 1826, 10 minute 
recurrence times, mHz QPOs
4. Improved understanding of how carbon burning proceeds 
and gives rise to precursors etc.
5. Evolution of multicomponent mixtures of nuclei to high 
density in the ocean and crust
6. >1D simulations of the burning front on a rotating neutron 
star.  Low mach number/ hydrostatic codes in development.



Outstanding Problems(Opportunities)
(major issues we don’t understand)

accreting
neutron stars

1. Changes in the spectral behavior of bursts with accretion 
rate.  Make it difficult (impossible?) to determine R. 

2. Superburst ignition.  How to make the fuel? How to make 
it hot enough to ignite? Is there a low energy heat source?

3. Origin of burst oscillations. Major problems with surface 
wave picture. 

4. Change in burst behavior with accretion rate:  onset of 
stable burning at accretion rates several times smaller than 
predicted; interaction between mHz QPOs and bursts



accreting
neutron stars

1. Changes in the spectral behavior of bursts with 
accretion rate.  A major source of systematic uncertainty 
when measuring radius.

1920 G. Zhang, M. Méndez and D. Altamirano

Figure 7. Colour-correction factor as a function of luminosity in Eddington
units. The different colour points correspond to different types of bursts, as
indicated in the plot.

then remains more or less constant as the luminosity increases. At
the same luminosity level, f c in PRE and soft non-PRE bursts is
smaller than in hard non-PRE bursts, while f c is consistent with
being the same in PRE and soft non-PRE bursts. The data in Fig. 7
agree qualitatively with the predictions of the model of Suleimanov
et al. (2010) (see their fig. 2), if we assume that during the cool-
ing phase of hard non-PRE bursts the neutron-star atmosphere is
H-rich, whereas for PRE and soft non-PRE bursts, the atmosphere
is He-rich. At high luminosity levels, the data show that f c stays
constant and does not increase as quickly as predicted by the model.
We speculate that during the early phases of the cooling phase of
all bursts, there is an enhanced abundance of heavy elements in
the neutron-star atmosphere that were produced during the ther-
monuclear flash, and this effect is stronger in the PRE and soft
non-PRE bursts where dredge-up of ashes is more effective (Wein-
berg, Bildsten & Schatz 2005); as the neutron-star cools down, the
heavy elements settle down faster than H and He and therefore the
heavy-element abundance in the neutron-star atmosphere decreases
as the burst decays. This is reported by the models of Suleimanov
et al. (2010), in which f c decreases as the high-element abundance
in the neutron-star atmosphere increases. [The same is true for the
model of Güver et al. (2010).] It is then possible that the difference
at high luminosity between the data and the models of Suleimanov
et al. (2010) is due to changes in the chemical composition of the
neutron-star atmosphere during the early cooling phase of the bursts.

We also found a significant difference in the distribution of
the blackbody temperature during the decay of X-ray bursts in
4U 1636−53 in different types of bursts at different flux levels (see
also in’t Zand et al. 2009; Bhattacharyya et al. 2010). At a low flux
level, the average Tbb is higher in hard non-PRE bursts than in PRE
and soft non-PRE bursts (Fig. 4; see also van der Klis et al. 1990). In
our sample, we have ∼130 soft non-PRE bursts and ∼90 hard non-
PRE bursts, but in panel (a) of Fig. 4, non-PRE bursts have more data
points than soft non-PRE bursts. (Remember that each point in that
figure represents a measurement every 0.5 s in the cooling phase of
the bursts.) This means that hard non-PRE bursts have longer decay
times than PRE and soft non-PRE bursts. The difference between
Tbb and burst decay time can also be explained by different chem-
ical compositions of the fuel layer (Galloway et al. 2008): if PRE
and soft non-PRE bursts ignite in a He-rich environment, most of
the fuel is burnt in a very short time-scale and therefore these bursts
show fast cooling at the decay phase. The hard non-PRE bursts

ignite in a H-rich environment. Hydrogen burning proceeds more
slowly, because it is limited by the β-decay moderated by the weak
force. During the cooling of hard non-PRE bursts, the hydrogen
left in the atmosphere keeps burning. Also, since the hard non-PRE
bursts ignite in a H-rich environment, they have larger f c than the
PRE and soft non-PRE bursts that ignite in a He-rich environment
(Madej et al. 2004; Güver et al. 2010; Suleimanov et al. 2010);
therefore, the hard non-PRE bursts show higher average Tbb than
the PRE and soft non-PRE bursts.

We note that the differences in the distribution of Tbb are more
significant at low flux levels. These differences can also be due in
part to differences in the underlying emission of the neutron star
due to continued accretion during the burst. van Paradijs & Lewin
(1986) argued that the net burst spectrum is not a blackbody and
at the end of the burst, Tbb of the net burst spectrum is directly
related to the neutron-star surface temperature just before the burst.
Therefore, differences in the average Tbb may reflect differences in
the neutron-star surface temperature, depending on the state of the
source at the time the burst starts. However, there are significant
differences in the distribution of Tbb at low flux levels between
PRE and soft non-PRE bursts, whereas both types of bursts occur
when 4U 1636−53 is in the soft state, and therefore the persistent
spectrum before the bursts should be similar. Also, both types of
bursts should ignite in a layer with a similar chemical composition,
which makes it difficult to explain the differences by differences in
the pre-burst persistent emission, f c or emission areas.

5 C O N C L U S I O N S

We studied the cooling phase of Type I X-ray bursts in the LMXB
4U 1636−53 using all available RXTE data. We divided the bursts
into three groups according to their properties and the spectral state
of the source at the time the burst started: PRE, hard non-PRE and
soft non-PRE bursts. (Soft non-PRE and PRE bursts occurred in the
soft state of the source.) We found the following during the cooling
phase of the bursts:

(i) For all types of bursts, the average bolometric flux–
temperature relation, Fb–Tbb, is significantly different from the Fb ∝
T4

bb relation that would be expected if the apparent emitting area on
the neutron star remained constant during the decay of the bursts.

(ii) For all types of bursts, the average Fb–Tbb relation cannot be
described by a single power law over the whole flux range.

(iii) The average Fb–Tbb relation is significantly different for
PRE, hard non-PRE and soft non-PRE bursts.

(iv) In line with the previous conclusions, the temperature distri-
bution at different flux levels is significantly different for PRE, hard
non-PRE and soft non-PRE bursts.

These results imply that either the emitting area on the neutron-
star surface or, most likely, the colour-correction factor changes
during the cooling phase of X-ray bursts.

We calculated the colour-correction factor separately for the three
types of bursts. Compared to the models of Suleimanov et al. (2010),
the dependence of the colour-correction factor on luminosity (in
Eddington units) is consistent with a scenario in which the main
source of fuel in hard non-PRE bursts is hydrogen, whereas for soft
non-PRE and PRE bursts the main source of fuel is helium.

Based on the dependence of the colour-correction factor on lu-
minosity, at high luminosity, we suggest that at the beginning of the
cooling phase of the bursts there is an enhanced metal abundance in

C© 2011 The Authors, MNRAS 413, 1913–1921
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

4U 1636-53; Zhang et al. (2011)
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2. Superburst ignition and crust heating.  How to make the 
fuel? How to make it hot enough to ignite? Is there a heat source 
at low density? Feedback between burst ashes and crust 
heating: what is the evolution of rp-ashes through the crust?

186 L. Keek et al.: First superburst from a classical low-mass X-ray binary transient

Fig. 8. Temperature evolution in the crust of 4U 1608-522 during the
outburst. At the beginning of the outburst (solid line) we set the temper-
ature at a column y = 109 g cm−2 to 5 × 108 K. After 80 days, the tem-
perature in the outer crust has risen (dotted line), but is still well below
the temperature for which a one-zone stability analysis would predict a
superburst with a depth inferred from fits to the cooling (shaded box).

deep crust can be inferred by observations of the quiescent
luminosity (Rutledge et al. 1999). Hence this source provides a
test of the strength and location of heat sources in the crust. The
question is whether the crust can reach temperatures sufficiently
hot to initiate thermally unstable 12C fusion in the short time
available during the outburst. To check this, we constructed
a time-dependent model based on recent calculations of the
heating from electron capture reactions in the crust (Gupta
et al. 2007). We set the mass number to A = 40, which yields
a large heat release (0.40 MeV per accreted nucleon) in the
outer crust. For the inner crust, we use the model of Haensel
& Zdunik (1990). We integrated the thermal diffusion equation
using a standard method-of-lines formalism. The microphysics
is identical to that in Gupta et al. (2007). The total heat released
in the crust during outburst is 1.8 MeV u−1.

As an initial condition, we computed the temperature for
steady accretion at the time-averaged mass accretion rate 〈Ṁ〉 =
6.5 × 1015 g s−1. We then ran through a series of 60 out-
burst/quiescent cycles, to ensure that the crust had reached a
limit cycle. During outburst we set Ṁ = 1.3 × 1017 g s−1, with
a duration of 80 d; the quiescent interval was set to 4.16 yr.
During quiescence we used a relation between the temperature
at a column y = 109 g cm−2 and the surface luminosity appropri-
ate for an accreted envelope (Brown et al. 2002). The quiescent
luminosity reached a minimum of Lq = 6.1 × 1033 erg s−1, in
reasonable agreement with the value derived by Rutledge et al.
(2000). Figure 8 shows the change in temperature, as a function
of column, during the outburst. At the start of the outburst (solid
line), we set the temperature at a column y = 109 g cm−2 to
5 × 108 K. This is a reasonable upper limit on the temperature
set by steady-state H/He burning. After 80 d, the temperature
in the outer crust has risen substantially (dotted line), but is still
much cooler than needed to explain the fitted ignition column
and temperature (shaded box).

We conclude that heating in the crust from electron captures,
neutron emissions, and pycnonuclear reactions, is insufficient to
raise the crust temperature during the outburst enough for 12C to
ignite at the inferred column.

In the other superburst sources, which are either persis-
tent accretors, or transients with long duration outbursts (e.g.
KS 1731-260), the crust reaches a thermal steady state. Even in
these sources, theoretical models have difficulty explaining the
inferred superburst ignition columns of ∼1012 g cm−2 (Brown
2004; Cooper & Narayan 2005; Cumming et al. 2006; Gupta
et al. 2007). The properties of the neutron star crust and core
that affect the thermal profile such as neutrino emissivity and
crust conductivity must all be chosen to maximize the crust tem-
perature in order to achieve the observed ignition depths. In
fact, Cumming et al. (2006) showed that it was impossible to
reproduce the observations if neutrino cooling due to Cooper
pair formation of superfluid neutrons in the crust (e.g. Yakovlev
et al. 1999) was included, because this efficient neutrino emis-
sion mechanism led to an upper limit on the crust temperature
at the ignition depth of ≈4 × 108 K, less than the temperature of
≈6×108 K required for carbon ignition. Recent work by Leinson
& Pérez (2006) has shown that the neutrino emission due to this
mechanism has been overestimated in previous calculations, and
that this mechanism is in fact not the dominant source of neu-
trino emissivity.

As we have shown, the short duration of the transient
outbursts in 4U 1608-522 means that the crust is heated to
much lower temperatures than those corresponding to thermal
equilibrium. Therefore the observation of a superburst from
4U 1608-522 is deeply puzzling and presents a significant chal-
lenge to current superburst models.

5.4. Bursting behavior and mHz QPOs

The normal type-I X-ray bursting behavior looks similar to what
is seen in persistent bursting sources with strongly variable per-
sistent fluxes, most notably 4U 1820-303 (Chou & Grindlay
2001), GX 3+1 (den Hartog et al. 2003), 4U 1705-44 and
KS 1731-260 (Cornelisse et al. 2003). In those cases X-ray
bursts become far less frequent or even absent during high flux
states. Also in the case of 4U 1608-522 the bursting behavior
is seen to differ between the low and high flux state. Murakami
et al. (1980) report that in the high flux state bursts have a shorter
duration and a higherα value than the bursts in the low flux state,
while the burst rate is not significantly different. The bursts ob-
served with the RXTE PCA and the BeppoSAX WFCs exhibit
this behavior as well. This would be consistent with hydrogen
and helium burning becoming predominantly stable at higher
mass accretion rates (van Paradijs et al. 1988).

Revnivtsev et al. (2001) examined EXOSAT and RXTE
PCA data of 4U 1608-522 and discovered low frequency quasi-
periodic oscillations (mHz QPOs). They observed no type-I
X-ray bursts when the persistent emission was higher than when
the QPOs were detected, which supported the hypothesis that
mHz QPOs occur at the transition of unstable to stable burning,
such that at higher accretion rates the bursting behavior ceases
(see also Heger et al. 2007). Interestingly, the PCA, WFCs and
IBIS/ISGRI have observed a total of four X-ray bursts when the
persistent flux was up to a factor of two higher than when mHz
QPOs were seen (see Fig. 3). Although this disagrees with the
prediction of the marginally stable burning model of Heger et al.
(2007), the hypothesis could still be valid if, as discussed by
Heger et al. (2007), the conditions for nuclear burning vary sub-
stantially across the neutron star surface, such that on one part of
the surface unstable burning gives rise to type-I bursts while on
another part mHz QPOs occur. The scenario that ignition condi-
tions might vary across the surface of the star for rapidly rotating
neutron stars has been discussed by Cooper & Narayan (2007;

4U 1608-52  Keek et al. (2008)

Can’t heat the neutron 
star ocean to ignition 
temperature in the 
~60 days of accretion 
before the superburst 
went off

This is one of a few 
examples of 
superbursts that are 
hard to explain with 
carbon ignition
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3. Origin of burst oscillations. Especially in the burst tails.

4U 1702-429; Strohmayer & 
Markwardt (1999)

Even if burst oscillations in the 
rise are due to a spreading hot 
spot, why are oscillations seen 
in the tail when the whole star 
is burning?

Connection to nuclear astro:
- New regime of burning 
propagation
- Doppler shifted pulse profiles 
=> radius measurement
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4. Change in burst behavior with accretion rate:  onset of 
stable burning at accretion rates several times smaller than 
predicted; interaction between mHz QPOs and bursts
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vations. The mean count rates and hardness ratios, exclud-
ing time intervals containing bursts, are listed in Table 1.
Figure 1 displays the color-color diagram for this set of
observations. The states with the lowest observed count
rates correspond to points with a hard color of [0.65, while
those points with higher count rates have a hard color
\0.50. The count rate from the source is not a monotonic
function of position on this diagram (Table 1). Although
motion on the branch with lower hard color is observed in
the course of several hours, the transition from a hard color
[0.65 to \0.50 occurred between observations separated
by more than a month.

We have produced power-density spectra (PDS) of
photons in the 2È60 keV RXT E band for each observation,
in order to determine whether KS 1731[260 exhibits the
canonical branches of the color-color diagram for LMXBs
(Van der Klis 1995). The PDS of each observation have
been created by combining averaged PDS from data with
2~13 s time resolution in 64 s intervals with a single PDS of
data with 2~3 s time resolution for the entire observation.
Bursts are excluded from the PDS. We have found that
PDS are of two types, as represented in Figure 2. Figure 2a
is representative of PDS from observations with hard colors
[0.6, which can be described as the sum of relatively weak
(2% rms) low-frequency noise below 0.1 Hz and strong
(13% rms) Ñat-topped high-frequency noise that decreases
in power above a few Hz. Figure 2b is representative of PDS
from observations with hard colors \0.5, and which can be
characterized as a combination of D8% rms low-frequency
noise below 1 Hz and weak power (2% rms) at high fre-
quencies. Strong ([1% rms) QPOs are not evident below

FIG. 1.ÈColor-color diagram from PCA observations of KS
1731[260. The Hard Color is the ratio of the count rates in the 8.5È18.0
keV and 4.8È8.5 keV bands, while the soft color is the ratio of the count
rates in the 3.4È4.8 keV and 2.0È3.4 keV bands. Background subtraction
was applied before calculating the ratios. Representative 1 p error bars are
plotted at the right of the Ðgure. The numbers indicate the colors just prior
to each of the nine bursts. Squares are placed around bursts which
exhibited radius expansion, while diamonds were placed around those
which coherent oscillations. The arrow on the Ðgure indicates the direction
of increasing accretion rate.

100 Hz in the PDS from either state, and although single
kHz QPOs are evident on a few occasions in photons with
energy above 5 keV (not shown), twin kHz QPOs are only
evident in the observation reported on by Wijnands & Van
der Klis (1997).

Taken together, the color-color diagram and PDS indi-
cate that KS 1731[260 is indeed an atoll source, as sug-
gested by Wijnands & Van der Klis (1997) (for a review of Z
and atoll LMXBs, see Van der Klis 1995 ; see &Me" ndez
Van der Klis 1999 for a similar color-color diagram of the
atoll source 4U 1728[34 as observed with the PCA on
RXT E). The state with hard color [0.65 is the Island State,
which is thought to represent a low accretion rate (D0.01
times the Eddington rate, while the state with hardM0 Edd),
color \0.50 is the Banana State, thought to occur at a
somewhat higher accretion rate This classi-( D 0.1M0 Edd).
Ðcation of KS 1731[260 is consistent with the presence of
strong X-ray burstsÈonly two Z sources, GX 17]2
(Sztajno et al. 1986) and Cyg X-2 (Kuulkers & Van der Klis
1995), exhibit type I X-ray bursts. An arrow has been drawn
on the color-color diagram to indicate the direction
believed to correspond to increasing accretion rate.

We have estimated the source Ñux during each obser-
vation (Table 1) by Ðtting the Standard2 data summed over
each RXT E orbit with a two-component model, consisting
of an exponentially cut o† power-law (N! E~! exp[E/kT ,
where E is the photon energy, ! is the power-law photon
index, kT is the cuto† energy, and is the photon Ñux at 1N!keV) and a Gaussian line at 6.4 keV, which is likely due to
iron emission. We have accounted for interstellar absorp-
tion with a low-energy cuto† equivalent to a column
density of 1022 cm~2 of hydrogen (according to the value
derived with ROSAT , Predehl & Schmitt 1995). The time
intervals during bursts have been excluded from the spectra.
Although we Ðtted the spectra between 2.5 and 25 keV, the
Ñux was calculated from the model between 2 and 18 keV,
to correspond with the energy range used for the color-
color diagram. The reduced chi-squared value for this
model is less than 1.1 for all observations except 20058-01-
01-00, 30061-01-03-00, and 30061-01-04-01, for which the
reduced chi-squared values are near two. The derived Ñux is
not signiÐcantly a†ected by the poor values of reduced-chi
squared, and we report all values in Table 1. For a more
detailed discussion of the X-ray spectrum of KS 1731[260
as observed by RXT E see Barret et al. (1999).

2.2. Characterization of Type I X-Ray Bursts
Table 2 lists the times (corrected to the Earth-Sun

barycenter) of the nine bursts observed with the PCA. We
have integrated spectra for each 0.25 s interval during these
bursts using combinations of the binned and event mode
data for each observation. This provides 32 energy channels
for the Ðrst burst and 74 energy channels for the remainder
of the bursts. Since the e†ect of the X-ray burst on the
spectrum of the persistent emission is unknown, it is not
clear what ““ background ÏÏ should be subtracted from the
total received Ñux in order to obtain the true burst spec-
trum. Therefore, we have estimated the background in two
independent ways, representing two extremes of approach :
(1) we have used the FTOOL ““ pcabackest ÏÏ to determine
the instrumental and cosmic background, including both
the persistent and burst Ñux in our Ðts ; and (2) we have used
the spectrum of 100 s of data prior to the burst as back-
ground, subtracting the persistent emission under the

Banana state (high accretion rate)
Short, irregular bursts
Some stable burning
Burst oscillations
Superbursts
mHz QPOs

Island state (low accretion rate)
Regular Type I bursts
Long duration, energetics 
consistent with all fuel burning in 
bursts

Transition at LX ~ 1037 erg/s

A chance to learn something about accretion/
mixing  (if we understand the nuclear physics part)



What next?   Theory

accreting
neutron stars

1. Models of burning front propagation across the surface of  rotating 
neutron stars
2. Photospheric radius expansion bursts. Radiation hydro to go beyond 
1D quasi-static models. Help to understand systematics in R 
determination.
3. Global models of burning behavior:  either new physics in 1D models 
or include spreading/circulation of matter over the neutron star surface.
4. We need a closer tie between observations and theory.                         
E.g. GS1826 <---> sensitivity studies
   KEPLER <---> MINBAR
5. Open source 1D models  (MESA?)
6. The evolution of a nuclear mixture through the crust: mass models, 
rates, which reactions? --> heat sources, thermal and mechanical 
properties

“Beyond 1D”



What next?   Observations

accreting
neutron stars

1. Near term:  continued monitoring of bursters + magnetars 
with XMM/Chandra, Swift, INTEGRAL
2. Archival:   e.g. MINBAR catalog
3. Future:   Indian ASTROSAT launch 2013?, Large timing 
mission such as LOFT,  [improved distances from GAIA]

1. Large area timing mission (10x XTE) would enable following 
individual pulse trains in burst oscillations. Test “spreading hot 
spot” paradigm. Doppler shifts => constrain R.
2. Long term continuous monitoring of LMXBs. E.g. measure 
quenching timescale for superbursts 
3. Sensitive spectral capability to look for line features



accreting
neutron stars

Crucial input from nuclear physics

1. Nail down rp-process pathways and outcomes
2. Properties of neutron-rich nuclei at and beyond neutron 
drip

If we can

opportunity to probe
- dense matter properties of crust and core
- stellar processes in thermonuclear flashes
- accretion physics

Message to nuclear experimentalists and theorists:
- we need masses, rates at the proton drip line and at 
and beyond the neutron drip line
- thermal and transport properties of dense matter
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Evidence for absorption edges in photospheric radius 
expansion bursts

in ’t Zand and Weinberg (2010)

4 in ’t Zand and Weinberg: Superexpansion X-ray bursts
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Fig. 2. Spectral fits to the PCA bursts from 4U 0614+09 and 4U 1722-30 during time intervals when the absorbed black body plus
reflection model fails to fit the data (see Fig. B.1 for example time intervals when the black body plus reflection model provides a
good fit to these bursts). Left plots: The 4U 0614+09 spectrum between 1.65 and 1.78 s after burst onset (this is the second data
point after the superexpansion phase in Fig. 3). Middle plots: The 4U 0614+09 spectrum between 2.53 and 2.65 s after burst onset
(ninth data point). Right plots: The 4U 1722-30 spectrum for the 7s long interval indicated by the grey bar in Fig. 3. The upper
panels show the observed photon flux (crosses) and the fitted black body plus reflection model (histogram). The middle panels show
the fractional deviation of the data points from the black body plus reflection model. The lower panels show the deviations after an
absorption edge is included in the model.

ately following the superexpansion. Furthermore, even when the
reflection model does fit the data, it often yields unreasonable
results; for instance, it requires that the majority of the flux be in
the reflection component rather than the direct black body com-
ponent. This results in unreasonable values for the black body
luminosity and radius.

The failure of the reflection model to fit some of the spec-
tral data from 4U 0614+091 and 4U 1722-30 prompted us
to add another component to the spectral model: an absorp-
tion edge stemming from the primary (non-reflected) spheri-
cally symmetric burst emission. Weinberg et al. (2006b) have
suggested that such a signature should appear in the spectra
of radius expansion bursts due to the presence of heavy ashes
of nuclear burning in the photosphere (see § 6.2). To model
such an edge, we multiply the spectral energy distribution by
M(E) = exp[−τopt (E/Eedge)−3] for photon energies E > Eedge
and M(E) = 1 otherwise1. The fit parameters are the optical
depth of the line τopt and the edge energy Eedge. Our full spectral
model thus accounts for three features: an absorbed black body,
the reflection of the burst flux from an inner accretion disk, and
an absorption edge formed in the photosphere.

We find that including such an edge significantly improves
the fits2, as illustrated in the lower row of plots in Fig. 2. The evo-
lution of the absorption edge parameters τopt and Eedge is shown

1 This is multiplicative model edge in XSPEC.
2 For some spectra the edge can be satisfactorily fit by allowing for

unrealistic values of NH, the black body temperature and the accretion
flux. However, for the 4U 0614+091 burst, the edge immediately after
the superexpansion has such a low energy (see below) that a good fit

in Fig. 3 for the three PCA bursts. The absorption edge from 4U
0614+091 exhibits a peculiar increase in Eedge from 4.63 ± 0.05
keV just after the superexpansion to 8.5 ± 0.1 keV less than 2 s
later (see also left and middle panels of Fig. 2). For the next 2
s, Eedge remains nearly constant at 8.5 keV, after which no sig-
nificant edge is detected. While Eedge is increasing, τopt is large
(between 2 and 3), after which it becomes substantially less than
1.

The fit to the first spectral data point from 4U 1722-30 (8 s
after burst onset) yields an absorption edge with Eedge " 11 keV
and τopt " 1. The parameters remain near these values until the
temperature peaks at 23 s after onset, after which the parame-
ters quickly change to Eedge " 6 − 7 keV and τopt " 0.5. Since
there is no spectral data immediately following the superexpan-
sion (from 3 to 8 s), we do not know if the increase in Eedge
seen in the spectra from 4U 0614+091 occurs in the case of 4U
1722-30.

The absorption edge from 4U 1820-30 is shallow, but still
detected with significance thanks to the high quality signal pro-
vided by the long duration of the burst. This is particularly clear
when co-adding all the data accumulated over a long time span
(e.g., all data between 5000 and 10000 s).

Although we obtain reasonable fits to the data once we in-
clude an edge in the model, the limited spectral resolution of
the PCA precludes an unambiguous identification of these fea-
tures as absorption edges. Higher spectral resolution observa-

cannot be obtained even if one allows for unrealistic values of these
standard spectral parameters.

throughout the convective region (we do not show such ashes in
Figs. 11, 12, or 13). Using a reaction network that extends up to
Xe, Schatz et al. (2001) find that in models where solar abun-
dance material is accreted at ṁ ¼ 0:3ṁEdd (i.e., burning in a
hydrogen-rich environment), the endpoint of rp-process burning
is a closed SnSbTe cycle that naturally limits rp-process nucleo-
synthesis to light p-nuclei. They find overproduction factors
(relative to solar abundance) of "108 for the p-nuclei 92Mo and
96Ru and "109 for the p-nucleus 98Ru (see also Schatz et al.
1998). Standard p-process scenarios are unable to adequately
explain the observed solar system abundances of these p-nuclei
(for a review, see Wallerstein et al. 1997).

Whether ash ejection during RE bursts can account for the
observed solar system abundances depends on the amount of
p-process material ejected into the interstellar medium by an RE
burst and the event rate of such bursts over the Galactic lifetime.
In order to produce large amounts of p-nuclei, the burning layer
must be hydrogen-rich (ṁ # 0:3ṁEdd), while RE bursts require
helium-rich burning layers and thus ṁ P 0:05ṁEdd. However, this
does not preclude RE bursts from ejecting p-nuclei, as accretion
rates in bursting low-mass X-ray binaries are observed to vary by
factors of a few, with individual systems undergoing transitions
from hydrogen-rich to helium-rich burning over timescales of a
year (as evidenced by variations in burst duration and peak fluxes;

Fig. 11.—Ash composition as a function of column depth after the convective zone has completely receded (i.e., yc ¼ yb). Results are shown for models He0.1 (left)
and HHe0.1 (right). Only those isotopes whose peak mass fraction exceeds 0.01 somewhere in the range yc; min < y < yb are shown. The vertical dashed line denotes
y ¼ 0:01yb ’ ywind.

Fig. 12.—Same as Fig. 11, except that only those isotopes with A > 50 whose peak mass fraction exceeds 5 ; 10$5 somewhere in the range yc; min < y < yb are shown.

WEINBERG, BILDSTEN, & SCHATZ1028 Vol. 639

Weinberg, Bildsten,Schatz (2006)
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One last example

If we get the lightcurve of GS 1826 right (rp-process) then 
we can use it as a “standard candle” instead of PRE bursts 
=> a second independent way to constrain radii

The Astrophysical Journal, 749:69 (10pp), 2012 April 10 Zamfir, Cumming, & Galloway

the anisotropy factor acts in the same way as an additional un-
certainty in the distance to the source. For GS 1826−24, Homer
et al. (1998) suggest a limit i < 70◦ based on the low amplitude
of the optical modulation at the orbital frequency, in which case
Equation (1) gives 0.84 ! ξ−1

b ! 1.5, or 0.85 < ξ
1/2
b < 1.1.

Therefore, even if the distance to GS 1826−24 was perfectly
known, anisotropy of the burst emission would represent an
uncertainty of about ±15% in any quantity that depends on dis-
tance. For example, using spectral fits to determine R∞ is subject
to this uncertainty since the normalization of the spectrum de-
pends on the solid angle R2

∞/d2ξ . Given these uncertainties, in
this paper we look for constraints on M and R that are indepen-
dent of distance and anisotropy.

4. COMPARISON BETWEEN THE OBSERVED
AND MODEL BURST LIGHT CURVES

We first ask what constraints on M and R arise from the
comparison between the observed light curve and theoretical
models of Heger et al. (2007). PRE bursts are often used in
work to constrain neutron star properties from X-ray bursts
because the peak luminosity of the burst can then be taken to be
the Eddington luminosity. This cannot be done for GS 1826−24
because the bursts do not show PRE, implying that they have a
peak luminosity below Eddington. Instead, here we pursue the
idea that the model light curves that fit the observed light curves
so well tell us the peak luminosity of the bursts.

Heger et al. (2007) selected from their models one that
had a similar recurrence time to the observed bursts in 2000
(the model had trecur = 3.9 hr as opposed to the observed
trecur = 4.07 hr). They showed that, when the distance to GS
1826−24 (actually ξ

1/2
b d) is chosen to make the predicted peak

flux match the observed light curve, the theoretical and observed
burst light curves show remarkable agreement. They considered
fixed values of M and R, but the choice of those two parameters
also changes the mapping between observed and model burst
fluxes. Therefore, rather than vary distance alone, we find the
value of the ratio of the observed flux to the model flux

Fobs

Fmodel
= ξ−1

b

(
R

d

)2 1

(1 + z)2 (2)

that gives the best fit between the model and the data. Taking the
peak values, Fmodel,pk = 1.29 × 1025 erg cm−2 s−1 (computed
from the redshifted peak luminosity quoted in Heger et al.
2007, with R = 11.2 km and z = 0.26) and Fobs,pk =
2.84 × 10−8 erg cm−2 s−1, we find Fobs/Fmodel = 2.20 × 10−33.
Substituting this value into Equation (2), we find

R

ξ
1/2
b d

= 10.9 km/6.0 kpc
1 + z

1.26

(
Fobs/Fmodel

2.2 × 10−33

)1/2

, (3)

where we use the redshift assumed by Heger et al. (2007).
Note that the model light curve is likely to be insensitive to
the model gravity, so that the ratio Fobs/Fmodel does not depend
sensitively on the M and R used in the model. For example, the
ignition column depth is weakly dependent on gravity in this
burning regime (Bildsten 1998 derives yign ∝ g−2/9). However,
this is something that should be explored in further simulations.
For now, we assume that Fobs/Fmodel is a constant, and take
Equation (3) as a joint constraint on R and 1 + z.

The theoretical uncertainty in Fmodel is at present unknown.
The predicted light curves depend on the input nuclear physics,

Figure 1. Average burst profiles with trecur = 4.07 hr compared with three
separate fits of the mean theoretical model light curve from Heger et al. (2007;
model A3, which had a similar recurrence time) is shown in the upper plot,
with an inset showing only the first 30 s. The model has been fit to the data
by varying the overall normalization, start time, and redshift. The solid (with
red band) and dashed (with green band) lines represent the fits to the entire
light curve and the first 30 s, respectively, and the dotted line (with blue band)
represents the light curve fitted only by matching the peak fluxes with a fixed
redshift of 1 + z = 1.26. The bands show the range of luminosity variations
from burst to burst in the theoretical model. The lower plot shows the difference
between each of the fits and the average observed light curve, with a horizontal
solid line at δF/F = 0 for clarity.
(A color version of this figure is available in the online journal.)

and prescription for convection and other mixing processes,
for example. These prescriptions vary from code to code, and
currently only simulations from the Kepler code (Woosley et al.
2004) have been compared to the observations of GS 1826−24.
Further simulations and comparisons are required to determine
what range of predicted peak fluxes still produces light curves
with the correct shape to fit the data. For now, in order to put
an error bar on the prefactor in Equation (3), we assume that
the theoretical uncertainty in Fobs/Fmodel is ±10%, and keep in
mind the fact that this number is uncertain.

This raises the point that rather than use the peak flux only,
we could also fit the entire light curve. In that case there is
an extra parameter, the redshift 1 + z, which stretches the light
curve in time. In principle, this provides a constraint on 1 + z.
In practice, however, we find that the value of 1 + z obtained in
the fit is sensitive to how much of the light curve is included
in the fit. For example, fitting the entire light curve (until about
130 s after the peak) we find best-fit values 1 + z = 1.44,
Fobs/Fmodel = 2.10 × 10−33. If we fit the first 30 s only,
which includes only the initial decline after the peak rather
than the whole tail, we get a best fit of 1 + z = 1.32 and
Fobs/Fmodel = 2.17 × 10−33. We show in Figure 1 the separate
fits to the entire light curve and the first 30 s, and we also
include the model light curve fitted only by matching the
peak fluxes, with the value for the redshift of 1 + z = 1.26,
as assumed by Heger et al. (2007). We see that while the
redshift is sensitive to the details of the fitting, the normalization
Fobs/Fmodel is well determined. Therefore, here we use the
normalization, but leave fits to the shape of the entire light
curve to future work when a greater number of simulations are
available.

A second constraint comes from spectral fitting. Fitting the
observed burst spectrum with a blackbody gives the total flux
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FIG. 3. (Color online) The accreted crust properties for the four models used in this work: (a) SLy4, (b) APR, (c) Gs, and (d)
Rs. X-ray burst ashes were used as the initial composition in each case. Each panel gives the total integrated heat generated
by nuclear reactions throughout the crust.
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