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5. OHMIC DIFFUSION IN THE DEEP OCEAN AND CRUST

Present uncertainties in the composition of matter after
hydrogen/helium burning prohibit a calculation of the sub-
sequent chemical evolution of the ocean for hydrogen-rich
accretion. However, even though the composition is not
well known, we can still use the thermal proÐles as estimates
of the crust temperatures. This is important to the evolution
of the magnetic Ðeld, as the accretion-induced heating of the
crust reduces its conductivity and hastens the Ohmic di†u-
sion of crust magnetic Ðelds & Urpin This(Geppert 1994).
heating also increases the mass of the ocean. These e†ects
have been considered & Urpin(Romani 1990 ; Geppert

& Sahrling & Geppert1994 ; Pethick 1995 ; Urpin 1995 ;
& Geppert & Bhattacharya forUrpin 1996 ; Konar 1997)

stars accreting at yr~1.M0 [ 10~9 M
_There are, however, a few neutron stars accreting globally

at or near the Eddington rate. There are two X-ray pulsars
(LMC X-4 and SMC X-1) and the six bright ““ Z ÏÏ sources
(Sco X-1, GX 5[1, GX 349]2, GX 17]2, GX 340]0, Cyg
X-2). The accreted material will have spread over the sur-
faces of these star for column densities g cm~2 (seeZ1014

so that a spherically symmetrical approach is war-° 6),
ranted for this calculation. We thus use our solutions for the
thermal proÐle of the deep crust at accretion rates m5 D m5 Edd(see to estimate the Ohmic di†usion timescales in the° 4.3)
deep crust of these neutron stars.

5.1. T he Microphysics in the Crust
The conductivity in the crust is set by electron-phonon

and electron-impurity scattering. In the relaxation-time
approximation, the conductivity is & Urpin(Yakovlev
1980)
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that x ? 1 and neglect anisotropies in the relaxation time
caused by the magnetic Ðeld. From these conductivities, we
then calculate the local Ohmic di†usion time over a scale
height,

qdiff \ 4np H2
c2 . (30)

We are using the pressure scale height H (eq. [16])
as the characteristic lengthscale. At neutron drip, H/R B
0.01(2Z/A)4@3(o/1011 g cm~3)1@3, so that a plane-parallel
approach is valid throughout the crust.

5.2. Ohmic Di†usion T imes in the Crust
For the temperatures in the crust, we used the estimated

proÐles from for the case of nonequilibrium nuclear° 4.3

reactions occurring deep in the crust. As in that section, we
assume that temperature is a function of only depth y, as at
these depths the accreted matter will have spread around
the star. We plot in (Q \ 1.0) the local OhmicFigure 9
di†usion time (solid lines) for accretion rates of 0.5, 1.0, and
5.0 times Eddington. We also show the Ñow time over a
scale height, (dashed lines). A few conclusions aretfl 4 y/m5
immediate. First, where the ions vibrate classically (T Z #),
the ratio is nearly independent of depth until nearqdiff/tflneutron drip ; moreover, for accretion rates m5 /m5 Edd [

K), the di†usion time is always0.23(A/2Z)2(T /5 ] 108
greater than the time for matter to Ñow through one scale
height. Second, impurity scattering is unimportant through-
out the crust for Because we placed the heat sourcesQ [ 1.
at a Ðxed depth the thermal gradient changes signy \ y

w
,

there (see Electron captures remove pressure support° 4.3).
and therefore decrease the pressure scale height, causing the
abrupt decrease in the Ohmic timescale (solid line, Fig. 9).
Once neutron pressure dominates the equation of state, the
scale height again increases with depth. In this region, the
Ñow timescale is always longer than the di†usion timescale
for m5 [ m5 Edd.

FIG. 9.ÈOhmic di†usion in the crust as a function of column depth for
accretion rates 1.0, and 5.0. The conductivity includes bothm5 /m5 Edd \ 0.5,
electron-phonon scattering and electron-impurity (Q \ 1.0) scattering. We
show the timescale for Ohmic di†usion (solid line) over a scale height and
the timescale for the crust to be pushed through a scale height, (dashedy/m5
line). The two timescales become comparable, above neutron drip, when

yr~1. Below neutron drip, the Ñow timescale is alwaysM0 B 3 ] 10~9 M
_larger than the di†usion timescale for sub-Eddington accretion rates. The

density as a function of column depth is approximately given by eq. (17).

magnetic !eld evolution
(from Brown & Bildsten 98)
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Thin-shell instability
Hansen & van Horn; Fujimoto et al.; see also Narayan & Heyl; Cooper & 
Narayan

7

(P ! yg; T )-space shown in the figure. In all the calculations
shown, we include sedimentation. As with Figures 2 and 3, the
curves terminate where the envelope becomes unstable to a thin-
shell instability (estimated from a one-zone calculation). The locus
of these ignition points is indicated by the curves labeled ‘‘He
ignition’’ (for ṁ " 2 ; 103 g cm#2 s#1) and ‘‘H ignition.’’ Our
conditions for unstable He ignition agree [in the absence of sedi-
mentation and using an emergent flux from the crust F !
0:15 MeV$ %(ṁ/mu)] roughly with those obtained by Cumming
& Bildsten (2000). At ṁ ! 0:1ṁEdd, our ignition column is 30%
larger, but our temperature and hydrogen and helium mass frac-
tions agree to within 7%. This difference is likely caused by the
H-burning rate being slower than the HCNO limit used by
Cumming & Bildsten (2000) at T8 < 1:7. At these tempera-
tures, the reaction 13N( p; !) 14O does not entirely dominate over
the "-decay branch, so the rate is not entirely set by the decays
of 14O and 15O. The longer "-decay time of 13N (10 minute half-
life) decreases the total rate of H burning from the HCNO limit.

As noted by Fujimoto et al. (1981) there are three regimes
of burning parameterized by ṁ (see Bildsten 1998 and refer-
ences therein): (1) ṁ < ṁc2, for which hydrogen burns unstably;
(2) ṁc2 < ṁ< ṁc1, for which hydrogen burns stably and is com-
pletely consumed prior to unstable He ignition; and (3) ṁ > ṁc1,
for which hydrogen burns stably and is only partially consumed
prior to unstable He ignition. In the absence of sedimentation, we
find ṁc2 & 103 g cm#2 s#1 and ṁc1 & 2 ; 103 g cm#2 s#1 (see
Table 1 and Fig. 5).

When sedimentation is included, ṁc2 is unchanged, but the
abundance of H at the base of the accreted envelope is depressed
for ṁ < ṁc2 (see Fig. 5).Moreover, for accretion rates ṁP ṁc1 !
5 ; 103 g cm#2 s#1, helium ignites in the absence of hydrogen.
We emphasize, however, that the temperature at ignition and the
total mass of H in the envelope is only slightly affected by sedi-
mentation. The characteristics of the burst will depend on the
interplay between the thermal instability and the growth of the
convective zone (Woosley et al. 2004; Weinberg et al. 2006);
such a study is beyond the scope of this paper but is clearly a
crucial future step for understanding the burst physics. It is tan-
talizing that the accretion rate ṁc1 at which mixed H/He igni-
tion occurs is increased by a factor of 2 when sedimentation is
taken into account, and we speculate that this might alleviate the
discrepancy between the predicted transition in burst duration
(Fujimoto et al. 1981) and recent observations (see, e.g., den
Hartog et al. 2003).

4.2. Bursts at Low Accretion Rates

4.2.1. Observations

As discussed in x 1, X-ray bursts with extremely low persis-
tent luminosities ('1036 ergs s#1) have been discovered recently
(see Cocchi et al. 1999, 2001; Kaptein et al. 2000; Cornelisse
et al. 2002b; Arefiev&Aleksandrovich 2004). In Table 2, we list
the burst duration and persistent luminosity of all such known
burst sources. Several of these did not have persistent fluxes de-
tectable with the BeppoSAX WFC and are known as ‘‘burst-only
sources.’’ Follow-up observations with Chandra X-Ray Obser-
vatory revealed that the sources’ persistent luminosities are
1032Y1033 ergs s#1 (Cornelisse et al. 2002a), which is consistent
with these sources being X-ray transients. These bursts are very
rare: on average, there is only one burst detected for every 106 s

TABLE 1

Critical Mass Accretion Rates

Reference
ṁc2

(g cm#2 s#1)
ṁc1

(g cm#2 s#1)

This work (no sedimentation) .......... 103 2 ; 103

Hanawa & Fujimoto (1982) ............. 3.2 ; 102 3 ; 103

Bildsten (1998) ................................. 1.3 ; 103 8.6 ; 103

Narayan & Heyl (2003).................... 3 ; 102 3 ; 103

This work (with sedimentation) ....... 103 5 ; 103

Notes.—This comparison is forM ! 1:4 M(, R ! 10 km, X ! 0:7, and Z !
0:02. The result of Narayan & Heyl (2003) is taken from the case of core temper-
ature 108 K and R ! 10:4 km. For Narayan & Heyl (2003) we interpret ṁc2 as
being the critical mass accretion rate required for prompt hydrogen bursts.

Fig. 4.—Temperature evolution of the base of the accreted layer as it is ad-
vected to deeper column. The tracks (solid lines) correspond to different local
mass accretion rates and are in units of grams per square centimeter per second.
The ignition curves of H and He when sedimentation is (dashed lines) and is not
(dot-dashed lines) taken into account are shown as well.

Fig. 5.—Mass fraction of hydrogen at the column where either H (open sym-
bols and solid lines) or He ( filled symbols and dotted lines) unstably ignites, as a
function of mass accretion rates. We show results for which sedimentation is
ignored (circles) and for which it is included (squares).

SEDIMENTATION AND X-RAY BURSTS 1027No. 2, 2007

He ignition

Peng et al. 2007

H ignition
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consumption of H via rp-process
Schatz et al. 2001, PRL
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For GS1826–24, models do remarkably well

from Galloway et al. 
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TABLE 1

Average Burst Properties

Model
Number
of Bursts Z

Ṁ

( )!9 !110 M yr,

Dt
(hr)

Eburst
(1039 ergs) a

DM
(1021 g)

A1 . . . . . . 19 0.02 1.17 5.4 (0.1) 4.67 (0.20) 57.4 (2.8) 1.14 (0.03)
A2 . . . . . . 18 0.02 1.43 4.3 (0.1) 4.67 (0.11) 55.6 (1.2) 1.11 (0.03)
A3 . . . . . . 30 0.02 1.58 3.85 (0.06) 4.73 (0.07) 55.0 (0.9) 1.10 (0.02)
A4 . . . . . . 13 0.02 1.75 3.48 (0.06) 4.84 (0.06) 53.6 (0.8) 1.11 (0.02)
B1 . . . . . . 12 0.001 1.17 12.8 (0.6) 13.3 (0.7) 47.8 (0.4) 2.71 (0.14)
B2 . . . . . . 17 0.001 1.43 6.04 (0.41) 7.74 (0.49) 47.4 (1.0) 1.57 (0.11)
B3 . . . . . . 15 0.001 1.75 3.98 (0.28) 6.26 (0.32) 47.3 (2.4) 1.27 (0.09)

Note.—See text for definitions of quantities.

Fig. 1.—Comparison of observed and calculated light curves. The histogram
shows the average light curve from the bursts observed during the year 2000
when the recurrence time was !4 hr (G04; Fig. 2). The error bars are the
1 j variations from burst to burst. The solid and dashed curves are the average
burst profiles from models A3 ( ) and B3 ( ), which haveZ p 0.02 Z p 0.001

and 4.0 hr, respectively. The inset magnifies the rise and the initialDt p 3.9
part of the decay. The gray bands indicate the 1 j variation of the burst profiles
about the average.

large adaptive nuclear reaction network is used to follow the
nucleosynthesis at each depth, and we include convection when
needed using time-dependent mixing length theory. We use the
same input nuclear physics, stellar opacities, and neutron star
parameters as W04 but consider a wider range of accretion
rates. The Newtonian calculations are corrected for general
relativity as described in § 4.4 of W04 for a neutron star mass
of . The corresponding stellar radius is ,1.4 M R p 11.2 km,

and gravitational redshift is .z p 0.26
A summary of the results is given in Table 1. For each

sequence of bursts, we list the rest mass accretion rate ,Ṁ
recurrence time , burst energy , gravitational mass ac-Dt Eburst
cumulated between bursts , and˙DM p MDt/(1" z) a p

, all as seen by an observer at in-2
F Dt/E p DMc z/EX burst burst

finity. The quantities given are averaged over all bursts except
the first burst in each sequence, which is typically more en-
ergetic than the subsequent bursts (W04). We give the standard
deviation of each quantity in parentheses, to show the burst-
to-burst variations. Models A4 and B3, which have Ṁ p

, have the same parameters as models ZM!9 !11.75# 10 M yr,

and zM of W04. There are slight differences at the level of
!3% between the burst properties in models A4 and B3 as

compared to models ZM and zM of W04, because of refine-
ments of the KEPLER code that were made following publi-
cation of the W04 paper.
We compare these simulations to bursts observed by RXTE

between 1997 November and 2002 July. We analyze the data
as described in G04, with the following exceptions: (1) the
spectral fitting was performed using lheasoft version 5.3,
released 2003 November 17, for which the effective area of
the proportional counter instrument (and hence the source flux)
was reduced by approximately 15% compared to earlier ver-
sions; (2) improved calculation of the burst fluence that was
better able to handle gaps in the data, which increased the
estimated fluence in some cases by at most 5%. These changes
also had the effect of reducing the absolute a-values, although
the trend with persistent flux was unchanged.
In Figure 1, we compare the mean light curve for bursts

observed during 2000 (G04; Fig. 2) with the mean burst light
curves from models A3 and B3. These models are chosen
because they have similar recurrence times to the observed
recurrence time of 4.1 hr. We calculate the mean light curves
by aligning bursts in each sequence by their peak luminosities.
The error bars in Figure 1 show the 1 j burst-to-burst variation
about the mean observed light curve. The shaded region shows
the same variation for the theoretical light curves.
For this comparison, we choose the distance to the source

(within the allowed range kpc; G04) so that the peak4 ! d ! 8
luminosity of the observed bursts agrees with the peak lumi-
nosity of bursts from model A3. The relation between the peak
burst luminosity and the observed peak flux isL peak

, where is a factor that accounts for pos-24pd y F p L yb peak peak b

sible anisotropy in the burst emission (e.g., Fujimoto 1988).
The average observed peak flux in the 2000 epoch is

, and the average peak lu-!8 !2 !1(2.93! 0.15)# 10 ergs cm s
minosity of bursts in model A3 is L p (1.29! 0.04)#peak

, giving a distance .38 !1 !1/210 ergs s d p 6.07! 0.18 kpc yb
Once the bursts have been normalized in this way, the agree-

ment between the observed and theoretical light curves for
(model A3) is remarkable. Model A3 fits the ob-Z p 0.02

served decay exceedingly well out to about 40 s, falling a little
below the observed flux between 40 and 120 s. The burst-to-
burst variations in the models are also of comparablemagnitude
to the burst-to-burst variations in the data. The most significant
difference is that the theoretical model shows a distinct two-
stage rise that is not apparent in the observed light curve (see
Fig. 1 inset).
Model B3, which has a low metallicity, does not reproduce

the observed light curve. Given the uncertainty in the distance
to the source, the normalization may be adjusted to bring the
observed and predicted peak luminosities into agreement, but
the shape of the decay provides an additional constraint. In
model B3, the lower metallicity leads to very little hydrogen

Heger et al. 07

for some regimes, 
models do really well!

11



Challenges

12

Most systems are not like GS1826–24!

Above 0.1 Eddington accretion, evidence for some stable burning

Burst frequency increases (model predicts a decrease)

Bursts become shorter, indicating less H

Some groups come in “clusters”: a group of up to 4 bursts, separated by waits of a 
few minutes (see Keek et al. 2010)
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Galloway et al. 2008
A sample of 1187 X-ray 
bursts from 48 sources



X-ray bursts, long bursts, and superbursts

Context

Basic scenario

Thin-shell instability in accreted envelope

Successes and failures of this scenario

Long bursts and superbursts: ignition in the deep

Implications for crust temperatures

The challenge of superburst ignition

Concluding remarks
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Fig. 7. Bursts e!ective durations vs. persistent luminos-
ity for normal bursts (points) observed with RXTE (see
Galloway et al., 2006), intermediate long bursts (open cir-
cle, and triangle for this work; see Table 2 and for the ! !
100 s bursts see Galloway et al., 2006), and Superbursts
(open square, see e.g., Kuulkers, 2004; in ’t Zand et al.,
2004, see also Sect. 3.4).

ences therein). Note that in Fig. 7 we also have the relation
Lpers/LEdd " Ṁacc/ṀEdd.

All sources showing intermediate long bursts or super-
bursts also exhibit normal bursts, except SLX 1737-282.
Sofare, the latter has only showed intermediate long bursts.
In Table 2, we report the properties of the most power-
ful and recently studied intermediate long bursts. In Fig.
7, we also added intermediate long bursts with ! ! 100
s from the following sources: GRS 1747-312, EXO 0748-
676, and GX 17+2 (in ’t Zand et al., 2003; Galloway et al.,
2006). The burst properties of SLX 1737-282 are similar
to the other intermediate long bursts. The intermediate
long burst from SLX 1735-269 (Molkov et al., 2005) is the
only one showing a remarkably long rise time. This was
due to an extended photospheric radius expansion phase
with a well separated precursor. Molkov et al. (2005) inter-
preted the long decay as most probably due to the mixed
burning of H/He. However, in ’t Zand et al. (2007) sug-
gested this source is an ultra-compact X-ray binary system
and, therefore, a pure helium burst cannot be ruled out at
this relatively low accretion rate. Note that only the two
high accretion rate sources, GX 3+1 and GX 17+2, show
all three kinds of bursts, the latter being the only source
that shows intermediate long bursts at the Eddington mass
accretion rate (most likely resulting from mixed burn-
ing of H/He, Chenevez et al., 2006; Galloway et al., 2006;
Kuulkers et al., 2002; in ’t Zand et al., 2004; Kuulkers,
2002).

The superbursts are observed between 0.1–0.3ṀEdd and
the intermediate long bursts are observed between 0.002–
0.01ṀEdd, except again for GX 17+2 at # 1ṀEdd and GX
3+1 for the peculiar two-phase intermediate long burst at
# 0.06ṀEdd (see Table 2). For Fig. 7, we derived the per-
sistent bolometric luminosity and burst duration for the
superbursts 4U 0614+09 (Kuulkers, 2005) and 4U 1608-52
(Remillard & Morgan, 2005) and found Lpers ! 0.013 and
0.14LEdd and ! = 0.15 $ 1042/0.2 $ 1038 ! 2.01 hr and

! = 2 $ 1042/0.6 $ 1038 < 9.2 hr, respectively (see also for
4U 1608-52 Keek et al., 2007). For the first time a super-
burst, from 4U 0614+09, has been observed at # 0.01ṀEdd

mass accretion rate, which diverges from the current pre-
diction that superbursts with carbon ignition on the hot
NS crust require an accretion rate > 0.1ṀEdd (see, e.g.,
Strohmayer & Bildsten, 2006). A consideration of these ob-
servations will be presented in Kuulkers (2008). However,
one puzzling issue is to understand why some sources un-
dergo the three types of bursts and others only one or two.

3.5. SLX 1737-282 an ultra-compact X-ray binary system
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Fig. 8. Companion radius Rc vs. mass Mc plane, show-
ing the Roche lobe constrains for the ultra-compact X-ray
binaries, for MNS = 1.4M!. The equations of state are
shown for brown dwarves (solid line) and cold pure helium
dwarves. The brown dwarf models are shown for di!erent
ages. The figure also shows the low-mass regime for de-
generate dwarf models incorporating di!erent compositions
(dot-dash O, dotted C, line He) and low (104 K) or high
(3$104 K) central temperatures (lower and upper curves).

The source SLX 1737-282 has recently been proposed
to be an ultra-compact X-ray binary (UCXB) candidate,
suggesting a pure He white dwarf donor star. An UCXB
with a hydrogen poor donor star can sustain persistently
low enough accretion rates, while a mixed hydrogen/helium
accretor with low enough accretion rates may not exist since
they then turn to be transient (in ’t Zand et al., 2007).

To accrete matter persistently, the assumption
of a Roche lobe-filling companion (Paczyński, 1971)
implies the mass-radius relation, Rlobe = Rc =
1.524 $ 10"2(Mc/1M!)1/3(Porb/1min)2/3 R!, shown
in Fig. 8 for di!erent orbital periods. We divided the
orbital periods into two distinct ranges - either around
10–60 -minute for UCXB or > 2 hours. In the orbital
period regions of 10–60 minutes, only very low-mass
degenerate O, C, or He dwarves can be the donor star.
Recent models of low-mass degenerate dwarves have been
produced incorporating the e!ect of di!erent compositions
and temperatures (Deloye & Bildsten, 2003). The corre-
sponding Rc versus Mc equations of state are also shown in
Fig. 8. We are particularly interested in this region to study

Falanga et al. 2008; see talk by Chenevez
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KS 1731–260 superburst
Kuulkers 2002
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Why weren’t these predicted?

17

Carbon !ashes were investigated Taam & Picklum 1978, Brown & Bildsten 1998

Two missing ingredients in these studies

1. production of carbon in H, He bursts

2. igniting carbon with a small ignition mass
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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].

X-ray burst

Steady state burning

0 20 40 60 80 100 120
10-6

10-5

10-4

10-3

10-2

0 20 40 60 80 100 120
10-6

10-5

10-4

10-3

10-2

Mass number

A
bu

nd
an

ce
A

bu
nd

an
ce

FIG. 4. Final abundance distribution as functions of mass num-
ber for an x-ray burst, and for steady-state burning at an accretion
rate of 40 "mEdd.

3473

Schatz et al. 2001, PRL

Mass Number

M
as

s 
Fr

ac
tio

n

Woosley et al. 2004, ApJ

18



superburst ignition

8

TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm!3 s!1)

a fast 1026 fast cooling

b slow 3! 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm!2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ! 1020 erg cm!3 s!1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (" 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ! 1019 erg cm!3 s!1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ! 1017 erg cm!3 s!1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm!3 s!1 and fast cooling with Qf = 10
26 erg cm!3 s!1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm!2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ! 3# 1021 erg cm!3 s!1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ! 1026 erg cm!3 s!1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc $ 4.9# 108 K ( f
1/8
in /Q1/8s,20)

!

ṁ/ṁEdd
"1/8

and fast cooling

Tc $ 5.0# 107 K ( f
1/6
in /Q1/6f ,26)

!

ṁ/ṁEdd
"1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as %(!Z)2& in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

Thermally unstable 12C + 12C is the 
likely cause of superbursts (Cumming 
& Bildsten ‘01, Strohmayer & Brown ‘02, 
Cooper et al. ’10)

A hot crust is required to match 
inferred ignition depth (Brown ‘04; 
Cooper & Narayan ‘05; Cumming et al. 
‘06)

But the cooling of quasi-persistent 
transients suggests that the crust is 
cold! (Shternin & Yakovlev ’07; Brown 
& Cumming ’09; see poster by Fortin)

Plot from Cumming et al. ‘0619
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conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm!2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ! 1020 erg cm!3 s!1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (" 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ! 1019 erg cm!3 s!1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ! 1017 erg cm!3 s!1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm!3 s!1 and fast cooling with Qf = 10
26 erg cm!3 s!1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm!2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ! 3# 1021 erg cm!3 s!1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ! 1026 erg cm!3 s!1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc $ 4.9# 108 K ( f
1/8
in /Q1/8s,20)

!

ṁ/ṁEdd
"1/8

and fast cooling

Tc $ 5.0# 107 K ( f
1/6
in /Q1/6f ,26)

!

ṁ/ṁEdd
"1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as %(!Z)2& in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

Thermally unstable 12C + 12C is the 
likely cause of superbursts (Cumming 
& Bildsten ‘01, Strohmayer & Brown ‘02, 
Cooper et al. ’10)

A hot crust is required to match 
inferred ignition depth (Brown ‘04; 
Cooper & Narayan ‘05; Cumming et al. 
‘06)

But the cooling of quasi-persistent 
transients suggests that the crust is 
cold! (Shternin & Yakovlev ’07; Brown 
& Cumming ’09; see poster by Fortin)

∂T ln εnuc > ∂T ln εcool

Plot from Cumming et al. ‘0619



superburst ignition

8

TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm!3 s!1)

a fast 1026 fast cooling

b slow 3! 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
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that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ! 3# 1021 erg cm!3 s!1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ! 1026 erg cm!3 s!1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc $ 4.9# 108 K ( f
1/8
in /Q1/8s,20)

!

ṁ/ṁEdd
"1/8

and fast cooling

Tc $ 5.0# 107 K ( f
1/6
in /Q1/6f ,26)

!

ṁ/ṁEdd
"1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as %(!Z)2& in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

Thermally unstable 12C + 12C is the 
likely cause of superbursts (Cumming 
& Bildsten ‘01, Strohmayer & Brown ‘02, 
Cooper et al. ’10)

A hot crust is required to match 
inferred ignition depth (Brown ‘04; 
Cooper & Narayan ‘05; Cumming et al. 
‘06)

But the cooling of quasi-persistent 
transients suggests that the crust is 
cold! (Shternin & Yakovlev ’07; Brown 
& Cumming ’09; see poster by Fortin)

heating from crust 
reactions

∂T ln εnuc > ∂T ln εcool
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TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm!3 s!1)

a fast 1026 fast cooling

b slow 3! 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm!2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ! 1020 erg cm!3 s!1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (" 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ! 1019 erg cm!3 s!1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ! 1017 erg cm!3 s!1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm!3 s!1 and fast cooling with Qf = 10
26 erg cm!3 s!1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm!2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ! 3# 1021 erg cm!3 s!1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ! 1026 erg cm!3 s!1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc $ 4.9# 108 K ( f
1/8
in /Q1/8s,20)

!

ṁ/ṁEdd
"1/8

and fast cooling

Tc $ 5.0# 107 K ( f
1/6
in /Q1/6f ,26)

!

ṁ/ṁEdd
"1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as %(!Z)2& in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

Thermally unstable 12C + 12C is the 
likely cause of superbursts (Cumming 
& Bildsten ‘01, Strohmayer & Brown ‘02, 
Cooper et al. ’10)

A hot crust is required to match 
inferred ignition depth (Brown ‘04; 
Cooper & Narayan ‘05; Cumming et al. 
‘06)

But the cooling of quasi-persistent 
transients suggests that the crust is 
cold! (Shternin & Yakovlev ’07; Brown 
& Cumming ’09; see poster by Fortin)
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FIG. 4.— Left panel: best fitting E17 and y, and the associated reduced !2, as a function of assumed peak flux F24. The fitted values approximately follow the

scalings E17 ! 0.8F4/7
24

and y" F
5/7
24
. We show results for 4U 1254-690 (short-dashed), KS 1731-260 (long dashed-short dashed), 4U 1735-444 (solid), Ser X-1

(long-dashed), GX 17+2 (burst 2 dot-dashed, burst 3 long-dot-dashed), and 4U 1636-54 (dotted). Right panel: same as left panel, but now using the observed

peak flux to plot everything in terms of the distance to the source. The !2 for 4U 1636-54 (dotted curves) is off scale in the lower panel.

FIG. 5.— Fitted lightcurve for KS 1731-260, assuming the distance given
in Table 1. Solid data points are included in the fit, open data points (with
fluxes less than 0.1 of the peak flux) are not included.

indicate that the burning does not extend all the way to the
surface, which our models assume, but instead stalls at a loca-
tion where the thermal time to the surface is of order minutes.
More generally, our models are not valid for times less than
the superburst rise time. Also, we have not fitted our mod-
els to the superburst from 4U 1820-30, which was observed

FIG. 6.— Fitted lightcurve for 4U 1636-54.

by RXTE/PCA (Strohmayer & Brown 2002). This superburst
had a complex lightcurve, with an extended period of photo-
spheric radius expansion, lasting about 1000 seconds, indicat-
ing a large energy release. More detailed 1D models which
can follow the superburst rise are needed to address both of
these issues.
The best-fitting column depths are in the range 0.5–3!

From
 Cum

m
ing et al. 2006
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TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm!3 s!1)

a fast 1026 fast cooling

b slow 3! 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm!2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Q! = Qf (Tc/109 K)6 and Q! =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ! 1020 erg cm!3 s!1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (" 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ! 1019 erg cm!3 s!1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ! 1017 erg cm!3 s!1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm!3 s!1 and fast cooling with Qf = 10
26 erg cm!3 s!1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm!2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ! 3# 1021 erg cm!3 s!1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ! 1026 erg cm!3 s!1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc $ 4.9# 108 K ( f
1/8
in /Q1/8s,20)

!

ṁ/ṁEdd
"1/8

and fast cooling

Tc $ 5.0# 107 K ( f
1/6
in /Q1/6f ,26)

!

ṁ/ṁEdd
"1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as %(!Z)2& in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

Thermally unstable 12C + 12C is the 
likely cause of superbursts (Cumming 
& Bildsten ‘01, Strohmayer & Brown ‘02, 
Cooper et al. ’10)

A hot crust is required to match 
inferred ignition depth (Brown ‘04; 
Cooper & Narayan ‘05; Cumming et al. 
‘06)

But the cooling of quasi-persistent 
transients suggests that the crust is 
cold! (Shternin & Yakovlev ’07; Brown 
& Cumming ’09; see poster by Fortin)
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crust reactions deposit ~1.8 MeV/u 
in the inner crust

1.core temperature set by 
balance of heating, neutrino 
cooling

2.crust is not in thermal 
equilibrium with core

1.8 MeV/u released
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Temperature needed 
for thermally unstable 
ignition of 12C+12C if σ 

is CF.

L. Keek et al.: First superburst from a classical low-mass X-ray binary transient 3

response matrix thus obtained is merely a first order estimate,
but suffices for rough calculations.

We employ the Crab source to investigate the accuracy of
our response matrix. The average count rate over all ASM ob-
servations from this source in the full 1.5–12 keV band-pass
is 75.4cs−1. The X-ray spectrum can be described by an ab-
sorbed power law. Kirsch et al. (2005) performed simultane-
ous model fits to Crab spectra obtained with 22 X-ray instru-
ments. Using the results of these fits in the 2–10 keV range,
our response matrix1 predicts an ASM 1.5–12 keV count rate
of 70.5cs−1. Therefore, when performing spectral analyses us-
ing this matrix, the normalization of the models needs to be
corrected by a factor 1.07 to account for this discrepancy. Note
that in principle this factor can be different for each of the three
SSCs and can vary with time. However, we find that in a time
interval of 100 days centered at the start of the superburst the
difference in Crab count rate between any two SSCs never ex-
ceeds the 3σ level.

Apart from the accuracy in predicting the count rate of the
Crab, we also investigate how well our response matrix can
reproduce the typical model parameters that are found by fit-
ting an absorbed power law to the three-channel spectral data.
We extracted a spectrum from all the ASM data on the Crab
available at the time of writing. We fix the hydrogen absorp-
tion column density at the value of NH = 0.45 · 1022 cm−2, as
found by Kirsch et al. (2005) (in the 0.1–1000 keV energy
range). Following Kirsch et al., we use the abundances found
by Wilms et al. (2000) and cross sections from Verner et al.
(1996). Leaving free the power law index and the normaliza-
tion, we do not find an acceptable agreement with the data.
Only if we add in quadrature 10% of the flux to the uncer-
tainty of each data point are we able to obtain an acceptable
fit with χ2

red � 1. Taking into account the correction factor de-
rived previously, we find the best fit with a photon index of
Γ = 2.01±0.12 and a normalization of Npowerlaw = 9±2 pho-
tons keV−1cm−2s−1, which is consistent with the results from
Kirsch et al. (2005). The uncertainty in Npowerlaw is large, be-
cause by definition Npowerlaw is the photon flux at 1 keV, which
is outside of the ASM energy range. The XSPEC power law
model ‘pegpwrlw’ uses a user-defined energy range for the nor-
malization. Employing the ASM bandpass gives an uncertainty
in the normalization of 6%.

3. History of accretion and X-ray burst activity

3.1. Long-term light curve

Figure 1 shows the 1.5-12 keV ASM light curve of 4U 1608-
522. Clearly visible are the three states identified by Wachter
et al. (2002; see Sect. 1). Four major outbursts with peak pho-
ton count rates in excess of 20 c s−1 are visible in the 11-year
time span of the observations (see Sect. 3.2 for a discussion on
the selection criterion). The first outburst was ongoing at the
start of the ASM observations and lasted until 60 days after-
ward, with fluxes in excess of 20 c s−1. The following outbursts
lasted with fluxes above 20 c s−1 for 44 d (MJD 50848-50892),

1 Kuulkers (2002) find the count rate is over-predicted. This is due
to a different choice of values for the spectral model parameters.

Figure 1. 1.5–12 keV RXTE-ASM light curve of 4U 1608-522 at a
2-week time resolution. Data points with errors in excess of 0.5 c s−1

were excluded from this plot. The connecting line is broken if data
points are more than 2 weeks apart. The vertical lines indicate 37
bursts detected with the WFC (upper row), 19 with the ASM (mid-
dle row, dashed lines indicate tentative bursts) and 31 with the PCA
(lower row). The long vertical line indicates the time of the superburst.
‘BSAX’ indicates the times of two BeppoSAX observations.

48 d (MJD 52475-52523), and 80 d (MJD 53438-53518), re-
spectively. There are also five minor outbursts, after the two
latter major outbursts. The low-intensity states are visible in
the first half of the mission. From comparing the first half and
the latter half of the light curve, it appears that either a low-
intensity state emerges after a major outburst, or a series of mi-
nor outbursts. This characteristic is only now apparent, after 11
years of observation (Wachter et al. 2002 only considered the
first 5 years of the data set). We determined the average flux
over the complete ASM data to be 2.466±0.006cs−1. This is
about 2% of the flux reached during the brightest bursts seen in
the ASM.

3.2. Accretion rate

When matter is accreted onto the neutron star surface, some
of the accretion energy and/or some of the material may leave
in a jet. If these losses are significant, the persistent flux is
not a good tracer of the mass accretion rate Ṁ. For black-
hole X-ray binaries, Fender et al. (2005) argue that jets are
not present during the high soft state. It is during the high
soft state of 4U 1608-522 that we are particularly interested
in the precise value of the accretion rate. Therefore, assuming
that the same holds true for neutron star binaries, in this paper
we will assume there are no losses through a jet and that the
persistent flux is a good measure for Ṁ. Expressed as a frac-
tion of the Eddington-limited mass accretion rate ṀEdd, which
is ṀEdd = 2 · 10−8M⊙yr−1 for a canonical hydrogen-accreting
neutron star with a mass of 1.4M⊙, it can simply be derived
as Ṁ/ṀEdd = F/FEdd, with F the bolometric flux and FEdd the
Eddington-limited flux. The former we will determine below.
The latter is exhibited during photospheric radius expansion
(PRE) bursts. RXTE PCA observed 12 such bursts (Galloway



A resonance in the 12C + 12C cross-section?
Cooper, Steiner, & Brown 2009

Rep. Prog. Phys. 72 (2009) 086301 H Costantini et al

Figure 23. Modified astrophysical S(E)! factor of the fusion
process 12C + 12C for the ! and proton channels [109].

from the E" " 2.36 MeV line of 1H(12C," )13N and the E" =
3.09 MeV line of 2H(12C,p" )13C. Thus, improved studies
required C targets with an ultra-low hydrogen contamination.

Recently, such an improved experiment with a HPGe
detector in a close geometry and surrounded by a 15 cm
thick lead shield has been performed at the 4 MV Dynamitron
tandem at the Ruhr-Universität Bochum [109]. The intense
12C beam (30 particle µA) heated the C target to a temperature
of 700 #C leading to a rapid decrease in the hydrogen
contamination in the target to a negligible level: the " -spectra
were now dominated by the lines of interest at 440 and
1634 keV. These results are illustrated in figure 23 in the
form of the modified astrophysical S(E)! factor defined by
# (E) = S(E) $ E%1 exp(%87.21E%1/2 % 0.46E) with E
is in units of MeV. The resonance structure continues down
to the low-energy limit, EL = 2.10 MeV, where a strong
resonance was found at ER = 2.14 MeV [109]. In figure 24
the total S! factor is displayed, which is mainly the sum of
the ! and p channels while the neutron channel is negligible
at energies below E = 5 MeV [111]. The data are compared
with different phenomenological calculations mainly based on
various nuclear potentials [111–114]. A detailed discussion of
the theoretical models can be found in [110, 114]. However,
most of the models seem to overestimate the non-resonant
S! factor at low energies and clearly new measurements at
energies below 2 MeV will improve the situation. It should
be noted that no theory exists yet for the prediction of the
location and strength of the 12C + 12C resonances. Moreover,
since there are resonances all over the measured energy range,
it is quite likely that a resonance exists near the centre of the
Gamow peak which could completely dominate the reaction
rate for astrophysical scenarios.

The " -ray spectroscopy has the disadvantage that the
transitions !0 and p0 directly into the ground state of 20Ne
and 23Na, respectively, cannot be observed. Direct particle
identification would allow measuring the total cross section for
each channel. Such a measurement could be performed with
standard silicon surface barrier detectors in a close geometry

Figure 24. Comparison of the experimental
data [109, 111, 115, 131, 132] for the total S!

tot factor with
various theoretical calculations [110–112, 114]. The resonance
structures exist over the full energy range and are most likely
superimposed on a flat non-resonant contribution.

to the target and under backward angles with respect to the
beam direction. Furthermore, a compact $E–E ionization
chamber would allow particle identification, e.g. ! and p.
In this geometry background problems arise from elastically
scattered 12C nuclei. In addition, a close distance to the target
leads to a heating of the detectors due to the heat radiation of
the target under high intensity 12C beam. This effect influences
drastically the performance of the particle detector. On the
other hand an ion beam intensity of about 300 particle µA
12C—a factor 20 to 50 more than in previous experiments,
e.g. [115]—would allow to mount the particle detectors in a far
geometry without a significant loss of count rate compared with
previous experiments but avoiding the problems of detector
heating. However, such a particle spectroscopy measurement
would only benefit from an underground laboratory if the two
detectors of the $E–E telescope are very close to each other
and the detectors have a large surface area as in the case
of the 3He(3He,2p)4He LUNA experiment (section 3.2). An
important issue in the particle spectroscopy is the background
discrimination in particular in case of a low reaction yield:
a distinguished background detection for heavy ion reactions
is difficult if not impossible. In turn, this is an advantage
of the " -ray spectroscopy which provides a clear and unique
signal if the signal-to-noise ratio allows a precise observation
of the signal. Therefore, the C + C fusion reactions are
now an excellent case for experimental studies using a future
underground facility, such as a 3 MV high-current, single-stage
accelerator with an ECR ion source as discussed above.

The possible improvement for a " -ray spectroscopy
measurement of the 12C + 12C fusion reactions in an
underground laboratory can be estimated from the LUNA
3He(!," )7Be experiment presented in section 4.2. The
detection setup of this experiment, in particular the
arrangement of the passive shielding, was adapted to meet
the special requirements for a measurement of " -ray energies
below 2.5 MeV. The environmental " -ray background in this

21

From Costantini et al. 
2009, Rep. Prog. Phys.

27

Resonances 
predicted at < 2 MeV
Perez-Torres et al. 2006
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C(Dayras)13C+ 12 C(ND)13C+ 12 

ESW CC-AW

FIG. 1: The experimental S* factors of three carbon isotope fusion reactions, 12C+12C (red and blue points) [4, 8], 12C+13C
from this work (black points) and Ref.[15] (green points), and 13C+13C[16](triangle points). The averaged S* factor of
12C+12C(S*=3×1016 MeVb) labeled as CF88 (red dashed line) is recommended[9] based on the data of from Ref.[6–8]. The
systematic uncertainties, 15% for the 13C+13C data from Ref.[16](13C+13C(Trentalange)) and 30% for the 12C+13C data from
Ref.[15](12C+13C(Dayras)), are not shown in the graph. The 12C+13C data reported in this paper (12C+13C(ND)) is domi-
nated by a 20% systematic uncertainty. The hypothetical resonance proposed in Ref. [14] with a smaller resonance strength
(ωγ=3.4×10−8 eV) is shown as Cooper 1 while the one with a larger resonance strength is shown as Cooper2 (ωγ=3.4×10−7

eV). Two different models, CC-AW (black dashed-dotted line) and ESW (black solid line), have been used to discuss the upper
limit for the 12C+12C fusion cross section.

teraction in the two isotope systems is identical to the
one leading to the formation of 12C+12C molecular res-
onances. The presence of the valence nucleon tends to
shift and smear resonances that would otherwise result
from the core-core interactions[3]. Therefore, studies of
12C+13C and 13C+13C provide an opportunity to model
the smooth behavior of the carbon fusion cross sections
at deep sub-barrier energies.

As the first step, we have studied 12C+13C fusion in
the center of mass energy range of 2.6 MeV to 4.8 MeV
using decay spectroscopy. The 13C beam with a inten-
sity up to 1 pµA was provided by the 10-MV FN Tan-
dem accelerator at the University of Notre Dame. A gas
stripper system was used to enhance the intensity of the
2+ charge state. The beam energies were determined
by measuring the magnetic field in the 90 degree ana-
lyzing magnet after the accelerator. The magnet was
calibrated using the 27Al(p,n) and 12C(p,p) reactions.
The 13C beam impinged on a 1-mm thick natural car-
bon target. The cross sections for the 12C(13C,p)24Na
reaction were determined through measurement of the
β-decay yield of 24Na (T1/2=14.9 hrs) using the β-γ

coincidence method. The irradiated carbon target was
sandwiched by two 1mm thick plastic scintillation coun-
ters to detect the β rays from 24Na. The cascading γ
rays (1369 keV and 2754 keV) were detected by two
Ge clover detectors. To remove the cosmic background,
the detection system was shielded with 7-cm thick lead.
The thick target yield (Y ) was obtained by normaliz-
ing the efficiency corrected β-gated γ-ray yield to the
total incident 13C charge. To extract the dY/dE from
the thick target yield(Y ), a three point fitting technique
was employed and tested with a set of data simulated
with GEANT4. With the extracted dY/dE, the cross
section for the 12C(13C,p)24Na reaction was calculated.
The contribution from the 13C(13C,24Na)np reaction is
negligible[16]. In order to deduce the total cross section
for compound nucleus formation for the 12C+13C, the
theoretical branching ratio for the proton emission chan-
nel was used as correction factor [15]. The systematic un-
certainty of the theoretical branching ratio is estimated
as 20% [15], which is the largest component in the er-
ror budget. The lowest measured cross section has been
pushed down from 1 µb [15] to 20 nb.

The shape of the fusion cross sections at sub-barrier
energies is primarily dominated by the Coulomb barrier
penetration effect. To remove this effect and reveal more
details of the nuclear interaction, the cross sections of all
three carbon fusion systems are converted into S* fac-
tors using eq.1 and shown in Fig. 1. The advantage
of using this conversion over the traditional astrophys-
ical S factor is that the cross section ratios among the

three systems are preserved. There are several impor-
tant features in these carbon isotope fusion systems: (a)
The 12C+12C cross sections are bound from above by
the cross sections of the other two carbon isotope fusion
systems; (b) Considering the additional systematic un-
certainties of 15-30% for the data from Ref. [15, 16] (not
shown in Fig. 1), the major resonant cross sections of
12C+12C (Er=3.08, 4.28, 4.92, 5.67, 5.96 and 6.26 MeV)

X-D Tang et al.: 12C+12C cross-section at most 6 times 
larger than CF88 value
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The fusion cross section for 12C+13C has been measured down to 20 nb in order to examine the
predictive power of two different models: the coupled-channels calculation using the Akyüz-Winther
potential (CC-AW) and the Equivalent Square Well (ESW) model. By comparing the cross sections
of three carbon isotope fusion reactions, 12C+12C, 12C+13C and 13C+13C, a relationship among
the three systems is found. With this relationship and the ESW model, the resonant cross sections
in the 12C+12C fusion reactions are quantitatively described for the first time and an upper limit
can be set on the resonant cross sections of 12C+12C. With this limit, we claim that the two strong
resonances, one recently found at 2.14 MeV and the other proposed at 1.5 MeV, are not realistic;
and the carbon fusion rate can increase by at most a factor of 6 compared to the currently adopted
rate. This upper limit poses a constraint on superburst models.

In 1960 Almqvist, Kuehner and Bromely discovered
several resonances in collisions between 12C nuclei. For at
least three energies, Ec.m.=5.68, 6.00 and 6.32 MeV, they
observed resonances in the yield of collisional byprod-
ucts: p, α, n and γ. These resonances have characteris-
tic widths of about 100 keV and were identified as sig-
natures of the formation of nuclear molecules [1–3]. In
the following years, as measurements were pushed down
towards lower energies, the discoveries of such resonances
continued down to the lowest energy. For instance, the
most recent published measurement of the 12C+12C fu-
sion reported a strong resonance at Ec.m.=2.14 MeV[4].

Apart from the interesting molecular resonances, the
12C+12C fusion reaction plays a crucial role in a num-
ber of important astrophysical scenarios[5]. For astro-
physics, the important energy range spans from 1 MeV
to 3 MeV in the center of mass frame, which is only par-
tially covered by experiments. An extrapolation is the
only resource available to obtain the fusion reaction rate
for astrophysical applications. The currently adopted re-
action rate is established based on the modified S factor
S*(E)[6], which is defined as,

S∗(E) = σ(E)Ee
87.21√

E
+0.46E . (1)

An averaged S* factor of 3×1016 MeV*b was obtained by
fitting the data measured by Patterson[6], Spinka[7] and
Becker[8]. This averaged value was extrapolated down to
lower energies with the simple assumption that the aver-
aged S* factor is constant at sub-barrier energies[6, 9]. At
present, there is nothing known about the energies and

strengths of resonances in the energy region of astrophys-
ical relevance. Besides this uncertainty, the recent study
of the hindrance phenomena has suggested a new extrap-
olation which is much smaller than the current adopted
one[5, 10]. Therefore, our understanding of the carbon
fusion rate is highly uncertain.
This uncertainty leaves an ambiguity in astrophysical

models and prevents us from a precise understanding of
the underlying physics. For example, superbursts are
long, energetic, and rare thermonuclear flashes on accret-
ing neutron stars in low-mass X-ray binaries[11]. These
bursts are considered to be triggered by the unstable 12C
burning in the ash left over from the rp-process on the
surface of a neutron star. The ash is heated up with
the heat generated in the crust of a neutron star via
electron capture and pycno-nuclear reactions and even-
tually the carbon is ignited. However, with the currently
adopted carbon fusion rate, superburst models fail to ex-
plain the ignition of carbon at the column depth inferred
from observations [12, 13]. This problem becomes more
severe with the smaller rate suggested by the hindrance
study[10]. Inspired by the strong resonance observed at
Ec.m.=2.14 MeV, a hypothetical resonance at 1.5 MeV
was proposed to increase the fusion reaction rate. The
suggested two different resonance strengths may enhance
the reaction rate at T=0.5×109 K by a factor of >∼ 25 and
>∼ 250, respectively, and thereby alleviate the discrepancy
between superburst models and observations[14].
In contrast to the striking resonances in the 12C+12C

fusion reaction, other carbon isotope fusion reactions,
such as 12C+13C and 13C+13C, behave more regularly.
Only minor resonance features have been observed in
these two systems [15, 16]. The 12C+12C core-core in-
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Summary
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Well-developed analytical and numerical theory of nuclear burning in neutron 
star envelopes

Successfully reproduces bursting behavior in some sources

For many sources, observed trends are not reproduced

Long bursts are useful probes of neutron star crust

Complementary to observations of cooling in quasi-persistent transients (talk by 
Degenaar)

Difficulty in explaining ignition of superbursts
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Eddington Limit

34

N
N e−

L

c

N!Th

4"r2

N
GMmH

r2



Eddington Limit

34

N
N e−

L

c

N!Th

4"r2

N
GMmH

r2

Thermonuclear bursts observed by RXTE 19

Fig. 10.— Top panel Distribution of (normalized) peak burst
flux Fpk/FEdd for radius-expansion (dark gray) and non-radius ex-
pansion (light gray) bursts. The distribution of peak fluxes of the
radius-expansion bursts is broad, with standard deviation 0.14.
The radius-expansion burst with the lowest peak flux ! 0.3FEdd is
from 4U 1636"536 (see also §A.8). The black histogram shows the
combined distribution. Bottom panel Distribution of normalized
fluence Ub = Eb/FEdd for both types of bursts. There is signif-
icant overlap between the two distributions, suggesting that the
amount of accreted fuel is relatively unimportant in determining
whether bright bursts exhibit radius expansion or not. Not shown
are 18 extremely energetic bursts with Ub > 20 s, all exhibiting
radius-expansion, from 4U 0513"40, 4U 1608"52, 4U 1636"536,
4U 1724"307, GRS 1741.9"2853 (2), GRS 1747"312, GX 17+2
(8), XB 1832"330, HETE J1900.1"2455 and 4U 2129+12.

ergetic PRE bursts from the same source. For example,
the brightest burst from GRS 1741.9!2853, on 1996 July,
reached a peak flux 25% higher than the next brightest
PRE burst. The 1996 July burst had Ub = 65, com-
pared to the next highest value of 23. Similarly, the first
burst observed by RXTE from the millisecond accretion-
powered pulsar HETE J1900.1!2455 had a peak flux
20% greater than the second, again with a much higher
Ub = 55 compared to 15.

While these two factors played a significant role in
the overall variation of PRE burst peak fluxes, smaller
variations were observed from other sources without no-
tably under- or over-luminous PRE bursts. For exam-
ple, the peak PRE burst fluxes from 4U 1728!34 were
normally distributed with a fractional standard devia-
tion of 10%. In that case quasi-periodic variations on
a timescale of " 40 d were observed in both the peak
PRE burst flux, and the persistent intensity (measured
by the RXTE/ASM; Galloway et al. 2003). The residual
variation of Fpk,PRE for subsets of bursts observed close
together in time (once the " 40 d trend was subtracted)
was consistent with the measurement uncertainties, in-
dicating that the intrinsic variation of the peak PRE
burst luminosity is actually ! 1%. A correlation between
the PRE burst fluence and the peak flux was attributed
to reprocessing of the burst flux in the accretion disk.
The fraction of reprocessed flux may vary from burst to

Fig. 11.— An example of an extremely strong photospheric
radius-expansion burst observed from 4U 1724"307 in the globu-
lar cluster Terzan 2 by RXTE. Top panel Burst luminosity (in units
of 1038 erg s!1; middle panel blackbody (color) temperature kTbb;
and bottom panel blackbody radius Rbb. LX and Rbb are calcu-
lated assuming a distance to the host globular cluster Terzan 2 of
9.5 kpc (Kuulkers et al. 2003). The time at which the flux reaches
its maximum value is indicated by the open circle. Note the gap in
the first 10 s of this burst, preceded by an abrupt increase in the ap-
parent blackbody radius to very large values. This gap was caused
not by an interruption in the data but because the radius-expansion
was su!ciently extreme to drive the peak of the spectrum below
the PCA’s energy range. In such cases we expect the luminosity
is maintained at approximately the Eddington limit, although it is
no longer observable by RXTE.

burst as a result of varying projected area of the disk,
through precession of the disk possibly accompanied by
radiation-induced warping. That the persistent flux from
4U 1728!34 varies quasi-periodically on a similar time
scale to Fpk,PRE is qualitatively consistent with such a
cause. It is plausible that comparable variations due to
similar mechanisms may be present in other sources.

Even assuming that the mean peak flux of PRE bursts
approaches the characteristic FEdd value for each source,
it is to be expected that the Eddington luminosities for
di!erent sources are not precisely the same. Inconsisten-
cies are perhaps most likely to arise from variations in the
composition of the photosphere (the hydrogen fraction,
X , in equation 7); the neutron star masses, as well as
variations in the typical maximum radius reached dur-
ing the PRE episodes (which a!ects the gravitational
redshift, and hence the observed LEdd) may also con-
tribute. We can be most confident regarding the pho-
tospheric composition in the ultracompact sources like
3A 1820!303 (§A.39), where the lack of hydrogen in
the mass donor rules out any significant abundance in
the photosphere. However, for the majority of burst-
ing sources the uncertainty in X is the dominant uncer-
tainty in (for example) distance determination via PRE
bursts. One clue as to the composition is provided by the
PRE bursts from 4U 1636!536, which reach peak fluxes
that are bimodally distributed (Galloway et al. 2006).

RXTE observations; Galloway et al. ’08
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From X-ray bursts with photospheric 
radius expansion (van Paradijs, Özel et 
al., Steiner et al., Suleimanov et al.)

Steiner et al.; data from Guver et al. ’10
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model spectral evolution over entire 
burst: check on whether model 
matches burst behavior

touchdown !ux > Eddington

color correction factor fC is not 
constant, and it depends on 
composition

NB. 
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Fig. 11. The dependence K!1/4–F as observed during the cool-
ing track of the long burst from 4U1724–307 on November 8,
1996 (stars). The theoretical fc–l dependence is shown by the
dashed curve (right and upper axes) and the best-fit relation
(solid curve).

where

A =
!

R" [km]
D10

"!1/2

=

!

R [km] (1 + z)
D10

"!1/2

(34)

is a constant.
Ebisuzaki (1987) suggested to fit cooling tracks presented

in the form F/FEdd–Tbb by the theoretical relation l– fcTe! .
However, the flux–temperature dependence is dominated by the
approximate F # T 4bb relation and therefore it is more appealing
to emphasize the deviations from the constant apparent radius.
In addition, Ebisuzaki (1987) fixed a priori the value of FEdd to
the flux at the touchdown point, which corresponds to minimum
Rbb and maximum Tbb (and flux). Such a restriction is not sup-
ported theoretically as the maximum flux observed from PRE
X-ray bursts can exceed the flux when the photosphere is at the
stellar surface by a factor 1+z (Lewin et al. 1993). A small appar-
ent radius at the touchdown does not necessarily mean that the
photosphere actually coincides with the NS surface, because at
luminosities very close to Eddington the color correction can be
rather large (Pavlov et al. 1991). Recently, Steiner et al. (2010)
also argued in favor of this interpretation on the basis of the in-
consistencies between the observables in some PRE bursts.

Because the evolution of K!1/4 at sub-Eddington luminosi-
ties (at late burst stages) reflects the evolution of the color
correction factor (Penninx et al. 1989; van Paradijs et al. 1990;
Suleimanov et al. 2010), we propose here to fit the observed de-
pendence K!1/4–F by the theoretical relations fc–(l $ L/LEdd $
F/FEdd). The two free parameters of the fit are A and the (ob-
served) Eddington flux

FEdd =
LEdd
4!D2

(1 + z)!2 =
GMc
"e D2

(1 + z)!1 (35)

(see Fig. 11). Because the evolution of fc is strongest near the
Eddington flux, the PRE X-ray bursts are most suitable for the
analysis. We would like to emphasize that the Eddington flux
should be obtained from the fit to evolution of K!1/4 in a broad
range of luminosities.
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Fig. 12. Constraints on M and R from various observables. The
solid curve gives the relation obtained from the Eddington tem-
perature (36) using Equations (37) and (38). Dotted curves are
for the Eddington flux (39), dashed curves are for A=const,
shown for two di!erent distances. For the distance below the up-
per limit (41) there are solutions at the interception of the curves.
If the assumed distance is too large, there are no solutions (the
curves shown by thin lines do not cross).

Combining A and FEdd we can obtain the e!ective
(Eddington) temperature corresponding to the Eddington flux on
the NS surface corrected for the gravitational redshift:

TEdd," =
!

gc
"SB"e

"1/4 1
1 + z

= 6.4 % 109 F1/4Edd A
!1 K. (36)

This quantity is independent of the (uncertain) distance to the
source and can be used to express the NS radius through the
observables and the compactness u = RS/R = 1 ! (1 + z)!2:

R =
c3

2"e"SBT 4Edd,"
u (1 ! u)3/2, (37)

and the mass is then found via (see solid curve in Fig. 12)

M
M&
=

R
2.95 km

u. (38)

If the distance D is known (for example, if the source is in a
globular cluster), one can get additional constraints on M and R
(for a given chemical composition) from A and FEdd separately.
From the Eddington flux estimate we have (see dotted curves in
Fig. 12)

R =
2"eD2FEdd

c3
u!1 (1 ! u)!1/2

= 14.138 km (1 + X) D210 FEdd,!7 u
!1 (1 ! u)!1/2, (39)

where FEdd,!7 is the Eddington flux in units 10!7 erg cm!2 s!1
and the mass is found using Equation (38). A measurement of A
gives another constraint:

R = R"
'
1 ! u = D10 A!2

'
1 ! u km. (40)

Combining with the parametric expression for the mass (38), we
get the third relation between M and R shown by the dashed
curves in Fig. 12.
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Fig. 5. Dependence of the color correction factors fc on the
relative luminosity for various NS atmosphere models. The
fc are obtained using the first fitting procedure. Top panel:
Dependences for hydrogen and solar H/He mixture with Z =
0.3Z! models with di!erent surface gravities log g = 14.0 (solid
curves), 14.3 (dotted curves) and 14.6 (dashed curves). For clar-
ity, the dependences for hydrogenmodels are shifted up by +0.2.
Bottom panel: Variation of fc on chemical compositions: pure
hydrogen (upper curve), pure helium (lowest curve), and solar
H/He mixture with Z = Z! (solid curves), Z = 0.3Z! (dotted
curves), Z = 0.1Z! (dashed curves), Z = 0.01Z! (dot-dashed
curves) for low gravity log g = 14.0 models.

where N is the number of photon energy points in the considered
energy band. As the energy points in the computed spectra are
equidistant in logarithm, this procedure is formally equivalent to
minimizing the integral
! Emax

Emin
(FE " w1BE( fc,1Te!))2

dE
E
. (26)

When fitting the data, one fits the photon count flux, not the en-
ergy flux, therefore, in the second procedure we minimize the
following sum

N
"

n=1

(FEn " w2BEn( fc,2Te!))2

E2n
, (27)

which is equivalent to minimizing the integral
! Emax

Emin
(FE " w2BE( fc,2Te!))2

dE
E3
. (28)
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Fig. 6. Same as bottom panel of Fig. 5, but in a log-scale.

In the third procedure we suggest to minimize the integral
! Emax

Emin
(FE " w3BE( fc,3Te!))2 dE, (29)

which corresponds to minimizing the sum
N
"

n=1
(FEn " w3BEn( fc,3Te!))

2En. (30)

We also use a fourth fit with only one free parameter, relating
w = f "4c,4 , and using the same minimization as for the first proce-
dure. And finally in the fifth procedurewe compute the color cor-
rection fc,5 by dividing the energy where the peak of the model
flux FE is reached by the peak energy of the blackbody spectrum
BE(Te!) as was done by Madej et al. (2004) and Majczyna et al.
(2005).

The obtained color correction factors fc,1– fc,4 depend on the
chosen energy band. We perform our four fitting procedures and
calculate the corresponding color correctios and dilution factors
in the 3–20 keV energy band corresponding to the RXTE/PCA
detector. Due to gravitational redshift a spectrum in the observed
energy band is radiated in the energy band with blueshifted
boundaries (3 " 20) # (1 + z) keV. Each NS has its own (a priori
unknown) gravitational redshift. We calculated redshifts using
log g and adopting a NS mass equal to 1.4 M! (see Eqs. (2) and
(4)). We obtained R = 14.80, 10.88, 8.16 km and z = 0.18, 0.27,
0.42 for log g = 14.0, 14.3, and 14.6, respectively. Varying the
mass in the interval M!–2M! introduces 3, 5, 10% uncertainties
in 1+ z (see Fig. 1), which, however, have less than a 0.1% e!ect
on the color corrections. The results of the fitting procedures are
presented in Table 1 and in the online material.

The obtained results are illustrated in Figs. 5–10. The color-
correction factors for models with various surface gravities and
chemical compositions versus relative luminosity are shown in
Fig. 5. A major feature for all dependences fc–L/LEdd is a local
minimum of fc at some intermediate (l $ 0.1–0.5) luminosity.
The color-correction factors are largest at luminosities closest
to the Eddington luminosities and decrease as the luminosity
decreases. The reason is well known, it is due to a decreasing
role of the Compton scattering in comparison with true opac-
ity (see Section 3). At low luminosity, the color-correction fac-
tor increases again (see Fig. 6). At these conditions, Compton
scattering is not so significant (Suleimanov & Werner 2007;

6

Systematic uncertainties (Suleimanov et al.)

fc ≡ Tbb
Teff

L/LEdd
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�(Z − �Z�)2� ≈ 100
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How impure is the crust? Q < 10
Shternin et al. 2007; Brown & Cumming 2009
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How impure is the crust? Q < 10
Shternin et al. 2007; Brown & Cumming 2009
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