
In this talk

The connection between bursts & crust
Edward Brown

• Overview of accreting neutron stars

• Building the crust from the ashes of X-ray 
bursts

• The effect on “surface” phenomena
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Low-mass X-ray binaries (LMXBs)

• Neutron star primary with 
≈solar mass companion in short 
(< 1 day orbit)

• Mass transfer through Lagrange 
point

• Drop 1 H atom onto neutron 
star, receive

E ≈
GMmH

R
≈ 200 MeV
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Crust structure
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Mass transfer cycle of a LMXB
16.7 Evolution of LMXBs – formation of millisecond pulsars 31

Fig. 16.12. Cartoon depicting the evolution of a binary system eventually
leading to an LMXB and finally the formation of a binary millisecond pul-
sar. Parameters governing the specific orbital angular momentum of ejected
matter, the common envelope and spiral-in phase, the asymmetric supernova
explosion and the stellar evolution of the naked helium star all have a large
impact on the exact evolution. Parameters are given for a scenario leading
to the formation of the observed binary millisecond pulsar PSR 1855+09.
The stellar masses given are in solar units.

• Parameters giving a final 
configuration matching 
PSR1855+09

•  

• The mass-transfer 
(LMXB) phase lasts for 
0.4 Gyr

• The neutron star 
accumulates ≈ 0.2 
solar masses

• Most LMXBs should have 
replaced the original crust

〈Ṁ〉 = 5×10−10 M% yr−1

Tauris & van den Heuvel
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Rp-process
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The nuclear reaction network includes all proton rich
nuclei from hydrogen to xenon and was updated relative
to the data described in [19]. The theoretical Hauser-
Feshbach reaction rates have been recalculated with the
new Hauser-Feshbach code NON-SMOKER [22]. A more
detailed discussion of the nuclear physics input and the
x-ray burst model will be published in a forthcoming paper.

Figure 1 shows our results for the time integrated reac-
tion flow during an x-ray burst. Ignition takes place at a
density of 1.1 3 106 g!cm3 and the burst reaches a peak
temperature of 1.9 GK, with a rise time scale of "4 s, and
a cooling phase lasting "200 s. Helium burns via the 3a
reaction, and the ap process [7], a sequence of alternating
(a, p) and # p, g$ reactions into the Sc region. These he-
lium burning processes provide the seed nuclei for the rp
process. The rp process reaction flow reaches the Sn iso-
topes in the 99Sn 101Sn range "80 s (time for half maxi-
mum) after the burst peak and proceeds then along the Sn
isotopic chain towards more stable nuclei.

Processing beyond Sn occurs if the corresponding
Sb isotone is sufficiently proton bound for the (g, p)
photodisintegration to be small. This occurs at 105Sn.
However, after two proton captures a strong 107Te#g, a$
photodisintegration rate cycles the reaction flow back to
103Sn. The reaction path is characterized by a cyclic flow
pattern, the SnSbTe cycle which represents the end point
for the rp-process reaction flow towards higher masses
(see Fig. 2). The SnSbTe cycle forms because the neutron
deficient 106 108Te isotopes are a unbound by "4 MeV. In
fact, 107Te is a known ground state a emitter [23]. A frac-
tion of the reaction flow proceeds via b decay of 105Sn into
106Sn, and the reaction sequence 106Sn# p, g$107Sb# p, g$-
108Te#g, a$104Sn leads to a second, weaker cycle. Calcu-

lations with different ignition conditions confirm that the
rp process cannot proceed beyond the SnSbTe cycles.

A previous calculation of the rp process in steady-state
burning found that most material accumulated at the end
of the network (the Sn isotopes) for an accretion rate of
40 !mEdd [6]. Figure 1 shows the reaction flow at that ac-
cretion rate. We find that the rp process ends in a similar
SnSbTe cycle as in x-ray bursts. Some of the material is
now cycled back via 106Sb# p, a$, which successfully com-
petes with 106Sb# p, g$ at steady-state burning conditions.
Calculations at different accretion rates show that the rp
process can never overcome the closed SnSbTe cycle. For
steady-state burning, we are now able to compute accu-
rately the composition of the ashes for all accretion rates.

The SnSbTe cycle impacts the light curve of x-ray bursts
and the consumption of hydrogen. This is illustrated in
Fig. 3, which shows the correlation between the x-ray burst
luminosity, the abundances of some important long-lived
nuclei (waiting points) in the rp process, and the hydro-
gen and helium abundances. Clearly the slow hydrogen
burning via the rp process beyond 56Ni is responsible for
the extended burst tail. The SnSbTe cycle builds up the
abundance of the longest-lived nucleus in the cycle, 104Sn
(20.8 s half-life), and produces helium towards the end of
the burst. This triggers an increase in the 3a flow and sub-
sequently an increase in energy production and hydrogen
consumption. As a consequence, the burst lasts longer and
hydrogen is completely burned.

The SnSbTe cycle also affects the composition of the
rp process ashes, shown for the x-ray burst and the steady-
state calculation in Fig. 4. The limitation imposed on the
rp process by the SnSbTe cycle is clearly reflected in the
lack of nuclei heavier than A " 107. Nevertheless we
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FIG. 1. The time integrated reaction flow above Ga during an x-ray burst and for steady-state burning. Shown are reaction flows
of more than 10% (solid line) and of 1% 10% (dashed line) of the reaction flow through the 3a reaction.

3472

Schatz et al. 2001



Products of X-ray bursts
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FIG. 2. The reactions in the SnSbTe cycles during an x-ray
burst. In the case of proton captures the arrows indicate the
direction of the net flow, the difference of the flow via proton
capture, and the reverse flow via (g, p) photodisintegration. The
line styles are the same as in Fig. 1.

obtain a broad distribution of nuclei in the A ! 64 107
mass range. This is a result of the long-lived waiting
point nuclei along the rp process reaction path which
store some material until the burning is over. The late
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FIG. 3. Luminosity, nuclear energy generation rate, and the
abundances of hydrogen, helium, and the important waiting
point nuclei as functions of time during an x-ray burst. For
comparison, the nuclear energy generation rate is also shown as
a dashed line together with the luminosity, though it is out of
scale during the peak of the burst. The mass of the accreted
layer is 4.9 3 1021 g.

helium production in the SnSbTe cycle broadens this distri-
bution further.

To summarize, we have shown that the synthesis of
heavy nuclei via the rp process is limited to nuclei with
Z # 54 due to our newly discovered SnSbTe cycle. The
existence of a SnSbTe cycle under all rp process condi-
tions is a consequence of the low, experimentally known
[24] a separation energies of the 106,107,108,109Te isotopes
and is therefore not subject to nuclear physics uncertain-
ties. However, because of the uncertainties in the proton
separation energies of the Sb isotopes there is some un-
certainty in the relative strength of the SnSbTe subcycles
closed by (g, a) photodisintegration on 106Te, 107Te, and
108Te. This will be discussed in a forthcoming paper.

A likely consequence of the SnSbTe cycle for accret-
ing neutron stars is that the matter entering the crust is
composed of nuclei lighter than A ! 107. The only way
to bypass the SnSbTe cycle would be a pulsed rp pro-
cess, where between pulses matter could decay back to
stable nuclei. This could happen during so-called dwarf
bursts, which have been suggested to be secondary bursts
produced by reignition of the ashes [25]. However, this
would require some unburned hydrogen in the burst ashes
(see discussion below) or extensive vertical mixing [14].

Our calculations give a strong indication that the synthe-
sis of nuclei beyond 56Ni and especially into the A ! 100
mass region in hydrogen rich bursts leads to extended en-
ergy production. This might explain the long duration
(100 sec) bursts seen from, for example, GS 1826-24 [26].
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ber for an x-ray burst, and for steady-state burning at an accretion
rate of 40 "mEdd.
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Crust structure
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Path to neutron drip
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P. Haensel and J.L. Zdunik: Composition and heating in accreting neutron-star crusts 3

Fig. 1. Z and N of nuclei versus matter density in an
accreting neutron-star crust. Solid line: Ai = 106; dotted
line: Ai = 56. Each change of N and Z, which takes place
at a constant pressure, is accompanied by a jump in den-
sity (see HZ for detailed discussion of this point). Small
steep segments connect the top and the bottom density of
thin reaction shell. Arrows indicate positions of the neu-
tron drip point.

an example of nuclear ashes obtained by Schatz et al.
(2001). To be specific, we assume Ai = 106. The value
of Zi = 46 stems then from the condition of beta equilib-
rium at ρ = 108 g cm−3. The compositions in the outer
crust, where the only processes are the electron captures,
are strongly influenced by the initial conditions. Up to
the neutron-drip point, the difference by a factor of about
two between the values of Z and N for Ai = 106 and
Ai = 56 is conserved. It should be noted that in the case
Ai = 106 the number of beta captures in the outer crust
is about 2 times larger, but each reaction is accompanied
by the density jump ∼ 5%, about half of these in the
case Ai = 56 (we have similar situation for the energy
release in a single shell). One notices a dramatic effect
of the neutron drip triggered by an electron capture at
ρ = ρND. We get ρND = 6 × 1011 g cm−3 for Ai = 56 and
ρND = 8× 1011 g cm−3 for Ai = 106. Just after ρND both
N and Z of nuclei decrease in a long chain of the neutron
emissions followed by the electron captures. After the py-
cnonuclear fusion is switched-on at ρpyc # 1012 g cm−3,
the two compositions converge, and stay very close, up
to the largest densities beyond which the validity of the
HZ model becomes questionable. We checked that this is
a generic property of the Z, N evolution, which does not
depend on specific values of Ai, Zi, or on the details of the
nuclear model used (see Sect. 4).

Fig. 2. Heat per one accreted nucleon, deposited in the
crust, for two models with different initial A. Solid vertical
lines (ended with circles): Ai = 106; dotted lines (ended
with crosses): Ai = 56. Vertical lines are positioned at the
densities at the bottom of the reaction shell.

In Fig. 2 we show the heat deposited in the matter,
per one accreted nucleon, in the thin shells in which non-
equilibrium nuclear processes are taking place. Actually,
reactions proceed at a constant pressure, and there is a
density jump within a thin “reaction shell”. The vertical
lines whose height gives the heat deposited in matter are
drawn at the density at the bottom of the reaction shell.

One notices a specific dependence of the number of
heat sources and the heating power of a single source
on assumed Ai. Let us start with the outer crust (up-
per panel of Fig. 2). In the case of Ai = 56 the number
of sources is smaller, and their heat-per-nucleon values
q are larger, than for Ai = 106. Hovever, the total de-
posited heat-per-nucleon is quite similar, 0.041 and 0.039
MeV/nucleon for Ai = 56 and Ai = 106, respectively.
Similar features are seen in the inner crust (lower panel
of Fig. 2). The total crustal heating is 1.54 MeV/nucleon
and 1.12 MeV/nucleon for Ai = 56 and Ai = 106, respec-
tively. The difference # 0.4 MeV/nucleon between these
two cases is mainly due to an additional pycnonuclear
reaction (the first one) in the case Ai = 56, which re-
sults in the convergence of two evolutionary scenarios at
ρ # 2 × 1012 g cm−3. This pycnonuclear fusion is accom-
panied by the larger energy release than the subsequent
beta captures and neutron emissions in the case Ai = 106.
The nearly exact convergence of the cases Ai = 56 and
Ai = 106 for ρ > 1012 g cm−3 is connected with the fact
that heavier nucleus has Ni and Zi which are nearly dou-
ble of those of 56Fe. In the case of the initial nuclei be-
tween Ai = 56 and Ai = 106 the situation is similar with

(e,ν)

(e,n) (AZ) + (AZ) →(2A)(2Z)

Vartanyan & Ovakimova 1976; Bisnovatyi-Kogan & 
Chechetkin 1978; Sato 1979; Haensel & Zdunik 1990, 2003
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Gupta, Brown, Schatz, Möller, & Kratz (2007)

• Coupled thermal structure code with reaction network
• Include strength distribution for excited states (Möller)
• Analytical approximation to phase space integration (Gupta)
• Starts from distribution of rp-process nuclei (Schatz et al., PRL)
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Composition set by rising Fermi energy

Consider the symmetry term in the mass fmla.,

E
A

= ...+Es
(

N−Z
N+Z

)2
= ...+Es(1−2Ye)2.

The electron Gibbs energy, per nucleon is

1
nb

(E+PV ) = Yeµe

and minimizing the total energy
with respect to Ye gives

Ye ≈
1
2
−

µe
8Es

.

NB. This fmla. also follows from
µe = µn –  µp



With Coulomb term included
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With captures into excited states
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Nuclear Structure Effects
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Electron capture reactions, outer crust
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The heating sets 

• the quiescent luminosity of transients (previous talks)

• ignition depth of superbursts (Brown, Cooper & Narayan, Cumming et 
al.)

• X-ray bursts at low accretion rates (Cumming et al., Peng et al.)

The composition sets

• transport properties

• mass quadrupole (Bildsten 1998, Ushomirsky et al. 2000, Haskell et 
al. 2006)



Can this heating be observed?
Lightcurves courtesy of A

SM
 team

, h
ttp

://x
te.m

it.ed
u
/A

S
M
_lc.h

tm
l

For steady accretors, no
 Egrav ~ 200 MeV/nucleon

 Qnuc ~ 1 MeV/nucleon

But many sources accrete 
transiently—observe heated crust in 
quiescence (Brown, Bildsten & 
Rutledge 1998)

plot from Rutledge et al. 2001



from Heinke et al. 2007, following Yakovlev et al. 2004

Lq
=

Q〈
Ṁ〉

“slow” neutrino
emissivity

“fast” neutrino
emissivity

NS luminosity LNS < 1:1 ; 1031 ergs s!1. Choosing a NS radius
of 12 km, or a mass of 2.0M", varies this constraint by only 3%.
The rather tight distance limits of Galloway & Cumming (2006;
3:5 # 0:1 kpc) produce only a 6% uncertainty. Allowing the NH

to float freely permits a thermal 0.01Y10 keV NS luminosity
LNS < 1:0 ; 1032 ergs s!1 (for NH ¼ 1:7 ; 1021 cm!2).

4. RAMIFICATIONS

We have estimated the time-averaged mass transfer rates for
1808 and several other transient LMXBs (Aql X-1, Cen X-4, 4U
1608!52, KS 1731!260, RX 1709!2639, MXB 1659!29,
XTE 2123!058, SAX 1810.8!2609, and those in Terzan 5 and
NGC 6440) from the RXTE All-Sky Monitor (ASM) record
(1996 to November 2006), under the assumption that the time-
averaged mass accretion rate over the last 10 yr reflects the time-
averaged mass transfer rate (Table 2). We use PIMMS and a
power law of photon index 2 to convert the ASM count rates dur-
ing outbursts into 0.1Y20 keV fluxes.9 This is, of course, a rough
approximation, as the spectral shapes of LMXBs in outburst
vary substantially. Additional sources of potential error include
poor ASM time coverage of some outbursts, uncertainty in the
NS mass and radius (affecting the energy released per accreted
gram and thus the conversion from LX to mass accretion rate),
variability in themass transfer rate, and uncertain distances (which
will equally affect the quiescent luminosity). We plot an arbitrary
uncertainty of 50% in both mass transfer rate and quiescent lumi-
nosity for each point in Figure 2. For Cen X-4 we use the lowest
measured quiescent luminosity and the mass transfer rate limit
inferred if CenX-4 undergoes outbursts every 40 yrwith a fluence
similar to its 1969 outburst (Chen et al. 1997). The NS component
flux for Aquila X-1 is somewhat uncertain and possibly variable
(Rutledge et al. 2002; Campana & Stella 2003). We assume
that all outbursts fromNGC 6440 since 1971 have been detected.
For KS 1731!260, we assume that the average flux seen with
RXTE/ASM during outburst was the average flux during the

entire 12.5 yr outburst. For KS 1731!260 and the transient in
Terzan 1 (for which we take a 12 yr outburst), we take a mini-
mum recurrence time of 30 yr.
For 1808 we derive a time-averaged mass transfer rate of 1:0 ;

10!11 M" yr!1, an excellent match to the prediction of general
relativity of 0:95 ; 10!11(M2/0:05 M") M" yr!1 (Bildsten &
Chakrabarty 2001).We note that the truemass transfer rate cannot

TABLE 2

Luminosities and Mass Transfer Rates

Source

NH

(1022 cm!2)

kT

(eV)

D

(kpc) Outbursts Years

Ṁ

(M" yr!1)

LNS
(ergs s!1) References

Aql X-1 ............................... 4:2 ; 1021 %94 5 8 10.7 4 ; 10!10 5:3 ; 1033 1, 2, 3, 4

Cen X-4 .............................. 5:5 ; 1020 76 1.2 . . . . . . <3:3 ; 10!11 4:8 ; 1032 5, 3

4U 1608!522 ..................... 8 ; 1021 170 3.6 4 10.7 3:6 ; 10!10 5:3 ; 1033 6, 3, 4

KS 1731!260 ..................... 1:3 ; 1022 70 7 1 30 <1:5 ; 10!9 5 ; 1032 7, 4

MXB 1659!29 ................... 2:0 ; 1021 55 %10? 2 10.7 1:7 ; 10!10 2:0 ; 1032 7, 4

EXO 1747!214.................. 4 ; 1021 <63 <11 . . . . . . <3 ; 10!11 <7 ; 1031 8

Terzan 5 .............................. 1:2 ; 1022 <131 8.7 2 10.7 3 ; 10!10 <2:1 ; 1033 9, 10, 4

NGC 6440........................... 7 ; 1021 87 8.5 3 35 1:8 ; 10!10 3:4 ; 1032 11, 4

Terzan 1 .............................. 1:4 ; 1022 74 5.2 . . . . . . <1:5 ; 10!10 <1:1 ; 1033 12

XTE 2123!058 .................. 6 ; 1020 <66 8.5 1 10.7 <2:3 ; 10!11 <1:4 ; 1032 3, 4

SAX J1810.8!2609............ 3:3 ; 1021 <72 4.9 1 10.7 <1:5 ; 10!11 <2:0 ; 1032 13, 3, 4

RX J1709!2639 ................. 4:4 ; 1021 122 8.8 2 10.7 1:8 ; 10!10 2:2 ; 1033 14, 15, 4

1H 1905+000 ...................... 1:9 ; 1021 <50 10 . . . . . . <1:1 ; 10!10 <4:8 ; 1031 16, 15

SAX J1808.4!3658............ 1:3 ; 1021 <34 3.5 5 10.7 1:0 ; 10!11 <1:1 ; 1031 17, 4, 15

Notes.—Estimates of quiescent thermal luminosities from neutron star transients, and mass transfer rates (inferred from RXTE ASM observations for systems with
RXTE-era outbursts). Quiescent thermal luminosities are computed for the unabsorbedNS component in the 0.01Y10 keVrange.Outbursts and years columns give the number
of outbursts and the time baseline used to compute Ṁ , if this calculation was performed in this work (indicated by referring to reference 4).

References.— (1) Rutledge et al. 2001b; (2) Campana & Stella 2003; (3) Tomsick et al. 2004; (4) Mass transfer rate computed in this work; (5) Rutledge et al.
2001a; (6) Rutledge et al. 1999; (7) Cackett et al. 2006a; (8) Tomsick et al. 2005; (9) Wijnands et al. 2005; (10) Heinke et al. 2006b; (11) Cackett et al. 2005; (12) Cackett
et al. 2006b; (13) Jonker et al. 2004b; (14) Jonker et al. 2004a; (15) Quiescent bolometric luminosity computed in this work; (16) Jonker et al. 2006; (17) Galloway &
Cumming 2006.

Fig. 2.—Cooling curves for various NS interior neutrino emission scenarios,
compared with measurements (or 95% confidence upper limits) of the quiescent
0.01Y10 keV NS luminosity and time-averaged mass transfer rate for several NS
transients (see Table 2). The cooling curves are taken from Yakovlev & Pethick
(2004); the dotted curve represents a low-mass NS, while the lower curves rep-
resent high-mass NSs with kaon or pion condensates or direct Urca (Durca) pro-
cessesmediated by nucleons or hyperons. Limits on the quiescent NS luminosity of
SAX J1808.4!3658 are given for the 2001 and 2006 observations. The effect of a
distance error as large as a factor of 1.5 is also indicated (upper left).

9 We have verified that this conversion is correct to within 50% for outbursts
of the transients EXO 1745!245 and Aquila X-1.
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FIGURE 1. 2-28 keV WFC light curves of the most recently
published superburst which came from 4U 1254-69. The top
panel shows the light curve during a 5-d long observation (gaps
are earth occultations; low points indicate dipping activity; 300-
s resolution), the middle panel zooms in at 8-s resolution, and
the bottom panel at 2-s resolution.

only one source: 4U 1636-536. Initially, an interval time

of 4.7 yr was observed [7], but now a third superburst

has been found between the previous two resulting in

recurrence times of 1.8 and 2.9 yr [14]. The question

is whether these values are representative for all super-

bursters.

Currently, seventy-six X-ray bursters are known in our

Galaxy [15]. Twenty-seven of these (give or take two)

have been persistent sources for at least 10 years (we

include the long-duration transients KS 1731-260 and

4U 1724-307). The seven superbursters are part of this

group. The WFCs have extensive coverage of these ob-

jects. The net exposure times summed over all observa-

tions and sources is 7.9 yr (i.e., the average time per ob-

ject is 0.3 yr). If all 27 objects are identical in their super-

burst behavior, the implied superburst recurrence rate is

once per 2 yr. However, theory predicts [9] that sources

FIGURE 2. 2-28 keV light curves of the 4 WFC-detected
superbursts so far, in order of discovery. The dashed lines
indicate the average pre-burst flux level.

with luminosities below 0.1 times Eddington will not ex-

hibit superbursts. We estimate the number of remaining

bursters at 18. The WFC exposure on these is 5.9 yr,

implying a superburst recurrence time of 1.5 yr. If we

go one step further and exclude those systems that have

luminosities larger than 0.25 times Eddington (the Z-

sources GX 17+2 and Cyg X-2, and Cir X-1), for which

presumably different recurrence times apply [9], the av-

erage recurrence time is 1.2 yr. These recurrence times

are smaller than expected (e.g., [9] and [16]).

! AND STABLE HELIUM BURNING

In order to produce sufficient amounts of carbon to fuel

a superburst, one needs to burn helium for a sufficiently

long time and avoid that the carbon is destroyed by sub-

sequent proton and alpha captures, and breakout reac-

tions from the hot CNO cycle [16, 17, 18]. The man-

ners in which carbon may be destroyed imply that prefer-

ably 1) the hydrogen abundance should be at a minimum

Superburst profiles
in ‘t Zand et al. 2003



Variation of crust temperature
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Ignition columns
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ṁ/ṁEdd = 5.7 × 10−3, 0.011

Ignition at very low accretion rates
Peng, Brown, & Truran 2007, following Fujimoto et al. 1981



Composition at base of accreted layer

10
2

10
3

10
4

Time [s]

10
-1

10
0

10
1
X
/X

(t
 =

 0
)
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ṁEdd

diffusion off



Composition at base of accreted layer
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Lacc = 0.002 LEdd

Simulations find weak flashes!

Multi-zone simulation by Alexander Heger
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He flashes at large depth

• Repeated flashes build up 
massive He layer

• Eventually 3α ignites, produces 
more energetic burst

• Ignition depth sensitive to heat 
flux from reactions in crust 
(Brown 2004, Cooper & Narayan 2005, 
Cumming et al. 2006)
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Fig. 1. Locations of Einstein source (large dashed circle),
WFC-detected flare (large solid circle), RX J1740.7-2818 (old
position / dotted circle, and refined / small solid circle in mid-
dle), 2RXP J174104.3-281504 (small solid circle in upper left
corner). All circles are at least 90% confidence.

The event is characterized by a fast rise – within one sec-
ond – and a factor-of-3.5 decay in the following 880 s (or
an e-folding decay time of 600 s). At that point a data gap
starts which lasts 1122 s after which SLX 1737−282 is not
detected anymore. Thus, the flare is shorter than 2000 s.

We modeled the spectrum of the flare successfully with
pure black body radiation, see Fig. 2. This, and the soft-
ening of the spectrum during the decay unambiguously
identify this flare as a so-called type-I X-ray burst orig-
inating from a thermonuclear flash on the surface of a
neutron star. The bolometric fluence of the burst before
the data gap is 3.0× 10−5 erg cm−2.

The burst lasts fairly long, with a 2-min long radius
expansion phase at the start and a 6.5 min period after
that when the flux and temperature retain their maximum
values. The radius expansion during the burst suggests
that the flux reaches near-Eddington values. This allows
a rough estimate of the distance. For an Eddington limit
between 2 and 4× 1038 erg s−1 (Kuulkers et al., in prep.),
the peak flux of (6.0 ± 0.5) × 10−8 erg cm−2 s−1 yields a
distance between 5 and 8 kpc.

3. BeppoSAX-NFI observations

A follow-up observation of the burst was carried out
with the BeppoSAX Narrow Field Instruments (NFI)
half a year later, from 14 October 2000 01:44 UT to
15 October 2000 10:25 UT. Three NFI were turned on:
the low-energy concentrator spectrometer LECS (0.1–
4 keV; Parmar et al. 1997), the medium-energy concen-
trator spectrometer MECS (1.8–10.5 keV; Boella et al.
1997b), and the Phoswich Detector System PDS (Frontera
et al. 1997). The PDS is a collimating instrument with a
hexagonal field of view of diameter 1◦3 to 1.◦5; the LECS
and MECS are imaging devices with field of views of 40′

Fig. 2. Time history of WFC-measured full-bandpass photon
flux for the flare at 10 s resolution (top panel; the inset zooms
in on the flare onset at 1 s resolution), and of 4 parameters re-
sulting from modeling with black body radiation keeping NH

fixed at 1.9 × 1022 cm−2 (see Sect. 3): bolometric flux (2nd
panel), black body temperature (3rd panel), black body spher-
ical radius for an assumed distance of 6.5 kpc (4th panel), and
reduced χ2 value (5th panel).

and 30′ diameter respectively and few arcmin resolution.
The exposure times were 14.0 ksec (LECS), 48.0 ksec
(MECS) and 22.2 ksec (PDS).

SLX 1737−282 was clearly detected in the LECS and
MECS data. Figure 3 shows the light curve as derived
from the MECS data. The source exhibits variability with
a maximum to minimum ratio of 10 to 1 on typical time
scales of a few minutes. The power spectrum shows red
noise (i.e., a power-law function with an index of −1.17±
0.04) that becomes indistinguishable from Poisson noise
beyond 1 Hz. There are no narrow features. The fractional
rms is 40 ± 1% between 0.001 and 1 Hz.

A spectrum was generated by combining all LECS,
MECS and PDS data. For the data extraction, stan-
dard recipes were employed. The off-source pointings of
the rocking collimators of the PDS, employed to deter-
mine background levels, were verified in WFC data to
have no (bright) sources in their field of views. The re-
sulting spectrum could not be modeled in an acceptable
way, the reason being that too much flux appears to be
contained in the PDS data: all models mandate an un-
acceptably strong step of a factor of 2.5 ± 0.1 between

SLX 1737-282; in’t Zand et al. 2005, A&A 389 L43



Summary

• Deep crustal heating

• In the outer crust, nuclear structure & composition matters!

• Amount of outer crust heating affects ignition of superbursts, long X-
ray bursts (Cumming et al. 2006, Peng et al. 2007)

• Pay attention to all phenomena


