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• Review of deep crustal heating

• Connection to “surface” phenomena

• Electron captures in the outer crust with 
realistic nuclear physics

• Thermal conductivity & cooling timescales

• Next steps
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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)

Sato 1979; Haensel & Zdunik 1990, 2003

Most heat 
released in 
inner crust!

0.01 MeV

0.5 MeV



Crust thermal profile
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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)



8 Yakovlev et al.: Thermal states of neutron stars in SXTs

Fig. 3. Theoretical quiescent thermal luminosity of neutron
stars (with EOS N1 in the cores) versus mean mass accre-
tion rate confronted with observations of five SXTs. The larger
upper limit of the luminosity of SAX J1808.4–3658 assumes
the blackbody (BB) surface emission; the smaller limit – lower
horizontal bar – is obtained with the neutron-star atmosphere
(NSA) model. The upper curves refer to the low-mass (1.1 M!)
star (with strong proton superfluidity in the core), while the
lower curves to the maximum-mass star. Four curves for the
low-mass star are calculated assuming HZ90 or HZ03 accreted
crusts, without or with a massive helium surface layer; singly
hatched region shows ranges of variations of quiescent luminos-
ity due to different mass of helium layer for the HZ03 crust;
double hatched region is the same for the HZ90 crust. The
heating curves for the high-mass star are the same but the
solid curve (for the HZ03 crust without helium layer) is ab-
sent because of the partial ionization problem (see text); it is
expected to be close to the dash-and-dot curve.

internal temperature Tin, while the surface thermal emis-
sion is adjusted to this Tin (see Yakovlev et al. 2003 for
details).

Our present results enable us to extend the consider-
ation of Yakovlev et al. (2003). Since we are mainly in-
terested in the neutrino cooling regime, the internal tem-
peratures of neutron stars of a given mass and accretion
rate are determined by neutrino emission and deep crustal
heating model (HZ90 or HZ03) and do not depend on
the presence of He on the surface. On the other hand,
the Teff − Tin relation is actually the same for the HZ90
and HZ03 scenarios, if massive layers of light elements are
present. A small difference between the dashed and dot-
ted curves is solely determined by different amount of heat
released in the HZ90 and HZ03 crusts, see Eq. (6). The
heat released in the HZ90 crust is slightly larger, so that
the dotted curves are slightly higher than their dashed
counterparts. A larger difference between the HZ90 and
HZ03 crusts without a light-element layer is mainly deter-

mined by different thermal insulations of heat-blanketing
envelopes (Sect. 2). The high-Z (HZ03) heat blanketing
envelope is less heat transparent. Hence, the surface tem-
perature is smaller and the solid curve is lower than its
dot-and-dashed counterpart. Still larger difference occurs
between the scenarios with and without helium layers. A
massive helium layer is much more heat transparent than
the layer of HZ90- or HZ03-matter. Accordingly, the dot-
ted and dashed heating curves go noticeably higher than
the associated dash-and-dot and solid curves.

As seen from Fig. 3, the presence of light elements on
the surface of Aql X-1 simplifies theoretical treatment of
Aql X-1 as an SXT containing a low-mass neutron star.
The spectrum of the object is well described by hydrogen
atmosphere models, which is in line with the assumption
that the neutron star has the surface layer of light ele-
ments. The effects of different EOSs for the interpretation
of this source are discussed in Sect. 3.6. The neutron star
in 4U 1608–52 may be treated either as a low-mass neu-
tron star without a massive light-element layer, or as a
medium-mass neutron star with such a layer.

The interpretation of SAX J1808.4–3658 is of special
interest. EOS N1 adopted in Fig. 3 is consistent only
with the black-body thermal emission (with no massive He
layer on the stellar surface) and disagrees with a neutron-
star-atmosphere spectrum. Although the upper limits of
L∞

γ inferred with the black-body and neutron star atmo-
sphere models seem to be not very certain, our results
indicate that the neutron star in SAX J1808.4–3658 is so
cold that it is barely explained by the theory. In Sect. 3.7
we will show that the theoretical explanation is relaxed if
the neutron star contains a hyperonic core. In any case,
the star should have no massive layer of light elements on
the surface.

The limiting cases of no He layer and massive He layer
deserve special comments. The mass of the light-element
layer may vary from one quiescent stage to another or
even during one quiescent stage due to residual accretion.
Therefore, the heating curves for a massive He layer and
without it represent the upper and lower limits of the qui-
escent thermal luminosity of the same star (Brown et al.,
2002).

Figure 4 shows the surface thermal luminosity of neu-
tron stars with the HZ90 and HZ03 crusts versus the mass
∆M of the helium layer. The upper curves refer to the low-
mass star with the mean accretion rate of Aql X-1. The
lower curves correspond to the high-mass star with the
mean accretion rate of SAX J1808.4–3658. The growth of
L∞

γ with increasing ∆M saturates, so that the limit of very
massive He layer is actually achieved at ∆M " 10−8 M#.

Since the neutron star in Aql X-1 is hot, the main
temperature gradient occurs in deep layers of its heat-
blanketing envelope. One needs at least ∆M ∼ 10−13 M#

of helium to affect the thermal structure, and ∆M ∼
10−10 M# of helium (extending to ρ ∼ 107 g cm−3) to
achieve the limit of the most massive He layer. The in-
crease of ∆M enhances the thermal luminosity by a fac-
tor of 2.5–3, in agreement with the results by Brown et

from Yakovlev et al. 2004, cf. update by Heinke

Lq
=

Q〈
Ṁ〉
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〈Ṁ〉

10−10 M& yr−1

)1/8

Tcore ≈ 2×107 K
(

〈Ṁ〉
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KS 1731–260 superburst (Kuulkers 
2002)



Superburst ignition wants a hot crust
(Brown 2004, Cooper & Narayan 2005, Cumming et al. 2006)
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FIG. 4.— Left panel: best fitting E17 and y, and the associated reduced χ2, 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 χ2 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×

Plots from Cumming et al. 2006

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 Qν = Qf (Tc/109 K)6 and Qν =

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 Qν = Qf (Tc/109 K)6 and Qν =

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.

break gives 
thermal timescale 
at ignition depth

ignition of 12C set by 
balance of heating, 
thermal conduction



1S0 Critical temperatures for n-matter

dominant medium effect on V , should induce a re-
duction of the 1S0 gap (Clark et al. 1976) from its
value without medium polarization. Much effort
has been dedicated to take into account medium
polarization at various levels of approximation.
With time and improving many-body techniques,
the results are beginning to show a convergence
for the maximum value of Tc, which is in the range
∼ 0.5 to 0.7 × 1010 K, as can be seen in Figure 8.
The density range in which this gap is non-zero is
still somewhat uncertain and corresponds to the
inner part of the crust and, possibly, the outer-
most part of the core.

Since the results shown in Figure 8 are for uni-
form pure neutron matter, they will be altered by
the presence of a small fraction of protons in the
outer core and the nonuniformity of neutron den-
sity due to nuclei (or nuclear clusters) in the in-
ner crust. This latter effect has been studied re-
cently by Barranco et al. (1997) who show that it
does not alter significantly the results, at least at
the level of accuracy required for the study in the
present paper.

The p 1S0 gap is similar to the n 1S0 gap and
occurs at similar Fermi momenta kF , but since
protons represent only a small fraction of the nu-
cleons, this translates to high densities which al-
lows the gap to persist in much deeper regions of
the core than the n 1S0 gap. The values of Tc

from several calculations are shown in Figure 9.
An essential immediate difference compared to the
n 1S0 gap is that the p 1S0 gap is much smaller,
m∗ being smaller for protons than for neutrons
(see Figure 7). It should be noted that all cal-
culations shown in this figure have employed val-
ues of m∗

p larger than the values we report in Fig-
ure 7. Insofar as the results of Figure 7 for APR
are indicative of the likely magnitudes of m∗

p, the
values of Tc in Figure 9 are likely overestimated,
particularly at large kF . Moreover, medium po-
larization effects on V are much more difficult to
take into account for the p 1S0 gap than for the
neutron gap. Such effects are expected to reduce
the size of the gap and, to date, only two works
have attempted to include them (Niskanen & Sauls
1981; Ainsworth, Wambach & Pines 1991). The
estimates of Ainsworth, Wambach & Pines (1991)
show that medium polarization reduces the 1S0

gap roughly by a factor of three in the stellar core.
It is important to notice that all these calculations

SCLBL

AWP III

AWP II

SFB

SCLBL

WAP

CCDK

Fig. 8.— Neutron 1S0 pairing critical temper-
ature Tc vs neutron fermi momentum kF from
the calculations of Ainsworth, Wambach & Pines
(1989) (labeled as “AWP II” & “AWP III”: two
slightly different results), Wambach, Ainsworth
& Pines (1993) (“WAP”), Chen, et al. (1993)
(“CCDK”), Shulze et al. (1996) (“SCLBL”), and
Schwenk, Friman & Brown (2003) (“SFB”). The
dotted curve shows the results of Shulze et al.
(1996) in the case where medium polarization is
not included. Medium polarization effects reduce
the 1S0 gap by about a factor three. The vertical
dotted line shows the location of the crust-core
boundary.
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Compilation from Page et al. 2004

For T < Tcrit, formation & breaking of 
Cooper pairs emits neutrinos more 
efficiently than modified Urca

ρεν ≈ 1022 f (T/Tcrit)T
7
GK ergs cm−3s−1



Neutrino emissivity in the crust
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tuned for Sanjay’s talk!
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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
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With captures into excited states
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Path to neutron drip
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Electron capture reactions, outer crust
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Total heat deposited into outer crust
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Ignition column
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Ignition column—Cooper pairing 
suppressed
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With superburst ashes (dissociation of 
rp-process material)
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Composition from Schatz, Bildsten & Cumming (2003)

Compostion from 12C detonation 
(Weinberg & Bildsten 2007)



Variation of crust temperature–no 
Cooper
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An Amorphous Crust

• Crust unlikely to be a pure lattice

• Different phases of nuclear matter may coexist in inner crust 
(Magierski & Heenan 2002)

• Fluctuations in composition during cooling from birth (Jones 2004)

• Distribution of isotopes from burning of H, He

• Estimate relaxation time by setting structure factor to unity (as for a 
liquid)

• Cf. estimate of Jones (2004, PRL)

• Neglects phonon transport, transport by superfluid protons

• May be important in the inner crust

τ−1amp ≈
4πe4

p2FvF
ρNAΛ〈Z2〉



Γ= 250
Horowitz, Berry, & Brown 2007



Crust cooling observed!
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Table 4. Model fits to the X-ray spectrum of MXB 1659−29 for 5 Chandra (CXO) and 1 XMM-Newton (XMM) observations. Luminosity
is calculated assuming a distance to the source of 10 kpc. 1-σ errors on the parameters are given. The MJD given correspond to the
mid-point of the observation.

ObsID MJD NH kT∞
eff

Bolometric flux Luminosity
(Telescope) (1022 cm−2) (eV) (10−14 ergs cm−2 s−1) (1032 ergs s−1)

2688 (CXO) 52197.8 0.20 ± 0.02 121 ± 2 41 ± 3 49 ± 4
3794 (CXO) 52563.2 0.20 ± 0.02 86 ± 2 10 ± 1 12 ± 1

0153190101 (XMM) 52712.2 0.20 (fixed) 77 ± 1 6.5 ± 0.4 7.8 ± 0.5
3795 (CXO) 52768.9 0.20 ± 0.02 73 ± 2 5.2 ± 0.7 6.2 ± 0.8
5469 (CXO) 53560.0 0.20 ± 0.02 57 ± 3 2.0 ± 0.5 2.4 ± 0.6
6337 (CXO) 53576.7 0.20 ± 0.02 55 ± 5 1.7 ± 0.6 2.0 ± 0.7

Figure 3. Cooling curves for MXB1659−29. Top: Bolometric flux
versus time since the end of the outburst. The solid line shows
the best fitting exponential decay to a constant. The constant
is indicated as a dashed line. The dotted line shows the best
fitting simple exponential decay, which does not fit the data well.
Bottom: Effective temperature for an observer at infinity versus
time since the end of the outburst. The lines are as above.

state. The long accretion episodes onto both of these neutron
stars before they went into quiescence significantly heated
the neutron star crust out of equilibrium with the core. The
monitoring observations cover a period of ∼4 years since
the sources returned to quiescence. Spectral fitting with
an absorbed neutron star hydrogen atmosphere model to
the data has clearly shown both of them cooling exponen-
tially over time. From the initial results of this monitoring
(Wijnands et al. 2002a, 2004) and the preliminary results of
Wijnands (2005) it was not clear whether either of the neu-

tron star crusts had reached thermal equilibrium with the
cores. However, the results of this latest monitoring indicates
that KS 1731−260 and MXB 1659−29 have now reached
equilibrium again and we have been able to measure the base
level of the flux and effective temperature of these sources
resulting from the state of the hot core. The additional data
in this current work provides a significant improvement on
the previous work with respect to constraints on the cooling
curve.

KS 1731−260 initially decreased by a factor of 2 in bolo-
metric flux over the first half a year. Over the ∼4 years since
the source went into quiescence it has decreased in flux by a
factor of ∼5. It reached this level ∼2.5 years after the end of
the outburst and has remained at it since then, indicating
that the crust returned to equilibrium with the core in this
amount of time. This base level is set by the temperature
of the core, which depends on the time-averaged mass ac-
cretion rate onto the source over thousands of years. Fitting
an exponential decay with a constant offset to the data we
get the equilibrium temperature to be 71.3 ± 1.1 eV, and
the base bolometric flux level due to thermal emission from
the core as (9.6 ± 0.8) × 10−14 ergs cm−2 s−1, which corre-
sponds to a luminosity of (5.6 ± 0.5) × 1032 ergs s−1. The
e-folding times of the exponential decay were determined
to be 246 ± 62 days for the temperature cooling curve and
164 ± 40 days for the flux cooling curve.

MXB 1659−29 decreased by a factor of 4 in bolometric
flux over the first year after going into quiescence, and by a
factor of 24 over the ∼4 years of monitoring. Wijnands et al.
(2004) found no evidence after the first 3 Chandra observa-
tions of this source that the temperature or flux was reach-
ing a equilibrium level set by the temperature of the core.
The additional last 2 Chandra observations presented here
indicate that the rate of cooling has decreased. Fitting an
exponential decay with a constant offset to the data reveals
that it has reached the base level which we determine to be
52.1 ± 0.8 eV for the temperature and (1.8 ± 0.2) × 10−14

ergs cm−2 s−1 for the bolometric flux, which corresponds to
a luminosity of (2.2 ± 0.2) × 1032 ergs s−1 (assuming d=10
kpc). The e-folding times of the exponential decay were de-
termined to be 501 ± 61 days for the temperature cooling
curve and 241 ± 14 days for the flux cooling curve.

Rutledge et al. (2002b) calculated detailed cooling
curves for KS 1731−260 predicting the behaviour of the
quiescent thermal emission from the neutron star given the
source’s accretion history (see their fig. 3). Their models
compare how the emission could evolve for standard versus

c© 0000 RAS, MNRAS 000, 000–000
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Table 2. Model fits to the X-ray spectrum of KS 1731−260 for 5 Chandra (CXO) and 3 XMM-Newton (XMM) observations. Luminosity
is calculated assuming a distance to the source of 7 kpc. 1-σ errors on the parameters are given. The Modified Julian Date (MJD) given
correspond to the mid-point of the observation.

ObsID MJD NH kT∞
eff Bolometric flux Luminosity

(Telescope) (1022 cm−2) (eV) (10−13 ergs cm−2 s−1) (1032 ergs s−1)

2428 (CXO) 51995.1 1.3 ± 0.1 105 ± 3 4.5 ± 0.5 26 ± 3
0137950201/301 (XMM) 52165.7 1.3 (fixed) 87 ± 2 2.1 ± 0.2 13 ± 1

3796 (CXO) 52681.6 1.3 ± 0.1 77 ± 2 1.3 ± 0.2 8 ± 1
3797 (CXO) 52859.5 1.3 ± 0.1 73 ± 4 1.0 ± 0.2 6 ± 1

0202680101 (XMM) 53430.5 1.3 (fixed) 70 ± 4 0.9+0.2
−0.1 5 ± 1

6279 (CXO) 53500.4 1.3 ± 0.1 68 ± 7 0.8 ± 0.3 5 ± 2
5468 (CXO) 53525.4 1.3 ± 0.1 70 ± 4 0.9 ± 0.2 5 ± 1

decrease significantly with time. This cooling cannot be fit
by a simple exponential decay, giving reduced χ2 values of
5.3 and 4.8 for fits to the temperature and flux curves (see
the dotted curves in Fig. 2. However, it is fit well by an
exponential decay that levels off to a constant offset of the
form y(t) = a exp [−(t − t0)/b] + c, with a a normalisation
constant, b the e-folding time, c a constant offset, and t0 the
start time. When fitting to the data, t0 was fixed to midday
on the last day that the source was observed to be active,
MJD 51930.5, though we find that the other parameters
are not very sensitive to the exact value of t0. The best-
fitting cooling curves are shown in Fig. 2. For the T∞

eff curve
a = 42.6± 4.2 eV, b = 246± 62 days, and c = 71.3± 1.6 eV,
with χ2

ν = 0.4. For the Fbol curve a = (5.1 ± 0.6) × 10−13

ergs cm−2 s−1, b = 164±40 days, and c = (9.6±0.9)×10−14

ergs cm−2 s−1, with χ2
ν = 0.5.

2.2 MXB 1659−29

We analyse 5 Chandra observations and 1 XMM-Newton ob-
servation of MXB 1659−29 whilst the source was in a qui-
escent state spanning a period of ∼4 years after the end of
the outburst in September 2001. Details of the observations
are given in Table 3. We will first describe the Chandra and
then the XMM-Newton data reduction and analysis.

2.2.1 Chandra analysis

All the Chandra observations of this source were taken in
the ACIS-S configuration. As in the analysis of the Chan-
dra data for KS 1731−260, we use ciao (version 3.3) and
the standard analysis threads. For all of the Chandra obser-
vations, the source lightcurve and spectrum was extracted
from a circle of radius 3′′ around the source position, and
the background lightcurve and spectrum was extracted from
a source-free annulus with inner radius 7′′ and outer radius
22′′. We checked the background lightcurve for significant
background flares, and none were found.

The analysis of the data for MXB 1659−29 is com-
plicated by the fact that this source is eclipsing with an
eclipse duration of ∼900 s and period of 7.1 hr (Cominsky
& Wood 1984, 1989; Wachter et al. 2000; Oosterbroek et al.
2001), and so we receive no (or minimal at most) counts from
the source during the eclipse in quiescence (Wijnands et al.
2003). While there are enough counts in the first Chandra
observation to detect the eclipse in the lightcurve (Wijnands

Figure 2. Cooling curves for KS1731−260. Top: Bolometric flux
versus time since the end of the outburst. The solid line shows
the best fitting exponential decay to a constant. The constant
is indicated as a dashed line. The dotted line shows the best
fitting simple exponential decay, which does not fit the data well.
Bottom: Effective temperature for an observer at infinity versus
time since the end of the outburst. The lines are as above.

et al. 2003), this is impossible with later observations and
so we manually reduce the exposure time by 900 s to com-
pensate for the source being in eclipse, having checked that
only one eclipse occurs during each observation using the
ephemeris of Oosterbroek et al. (2001). The background-
subtracted net count rates in the 0.5-10 keV band are given
in Table 3.

We perform a similar spectral analysis for the
MXB 1659−29 data as for the KS 1731−260. The 5 Chan-

c© 0000 RAS, MNRAS 000, 000–000

Cackett et al. 2006

KS 1731–260MXB 1659–29



Impact of thermal conductivity
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Important!  What is the thermal conductivity of pasta?

Amorphous



Compare with cooling timescale
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1976MNRAS.177P..93L

Jonker et al. 2006

1H 1905+000

Rosat

Chandra 1

Ariel-5, SAS-3, HEAO-1, Einstein, EXOSAT, Rosat, Chandra 

Persistent  L~4x10   erg/s
36

Chandra 2

10.9 yr

Jonker et al. 2006

1H 1905+000

X-ray bursts—it is a neutron star
Lewin et al. 1976



300 ksec with Chandra 1H1905+000

L  <2 1030 erg/s (d/10 kpc)X

0 50 100 150 200 250

2 arcsec error circle
95% confidence UL 

2X

Jonker, Steeghs, Chakrabarty et al. in prep.

Effective temperature at infinity:  3.6E5 K

The $3,000,000 photon!

From a 300 ks Chandra observation
(Jonker, Steeghs, Chakrabarty, et al. in
prep.), 95% confidence upper limit:

LX < 2×1030 ergss−1
(

d
10 kpc

)2

with

T∞eff < 3.6×105 K

What does this say about enhanced neutrino cooling?
What is different about this binary?
Is the telescope pointed at the right place?



Teff – Tcore relation Fe
Ru

rp-mix

He
H

Potekhin et al. 1998;
Brown, Bildsten & Chang 2002

Infer the core temperature 
from the asymptotic 
effective temperature 



Interior temperature, 1H 1905+000
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Evolution of dM/dt
Deloye & Bildsten 2003

A more complete picture of this dependence is shown in
Figure 10, where we display for He (solid lines), C (dashed
lines), and O (dot-dashed lines) donors the _MM-Porb relation
along M-R isotherms with Tc ¼ 102; 3" 106; 107, and

3" 107 K, assuming M1 ¼ 1:4 M# and n ¼ nad. These are
instantaneous _MM-values along an adiabatic track at a given
Porb and Tc. One can see immediately that for a given Porb,
_MM can constrain the combination of donor Tc and composi-
tion. In particular, a sufficiently strong upper limit on _MM
can rule out a He donor for a given Porb. Above the mini-
mum _MM for a He donor, further information about the
donor composition is difficult to infer without constraints
onTc.

Now consider adiabatic evolution with initial M1 ¼
1:4 M# and donors of varying composition and Tc that
fill their RLs at Porb ¼ 10 minutes. We evolve these systems
assuming the donor responds adiabatically to mass loss.
The resulting tracks in the _MM-Porb diagram are shown in
Figure 11, along with the measured periods of the known
ultracompact binaries with an NS primary (vertical dotted
lines) and the critical _MM below which the accretion disk in
these systems is subject to thermal instabilities for both irra-
diated (hatched region; Dubus et al. 1999) and nonirradiated
disks (nearly horizontal lines; Menou, Perna, & Hernquist
2002). As compared with Figure 10, it can be seen that for
systems at Porb > 30 minutes to have time-averaged mass
transfer rates _MM > 10$10 M# yr$1, the donor cannot have
evolved adiabatically from systems coming into contact at
Porb % 10 minutes. There are potentially two examples of
such systems: 4U 1626$67 (Porb ¼ 41:4 minutes and

Fig. 9.—Comparison between the evolution of XTE J0929$304
assuming different donor types for an orbital inclination of sin i ¼ 0:6.
Shown are M2 and _MM as a function of Porb for He, C, and O donors. The
contrast in the initial evolution between the three donor types comes from
the differences in their nad. The symbols mark the age of the system from
today.

Fig. 10.— _MM-Porb relations assuming nR ¼ nad for He (solid lines), C
(dashed lines), and O (dot-dashed lines). For each composition, the four
curves show lines of constant Tc ¼ 102; 3" 106; 107, and 3" 107 K
(bottom to top). The thicker lines are theT ¼ 102 K curves.

Fig. 11.— _MM-Porb relations along adiabatic evolutionary tracks. Each
track starts with a donor filling its RL at Porb ¼ 10 minutes. For each com-
position—He (solid lines), C (dashed lines), and O (dot-dashed lines)—tracks
for models with initial Tc ¼ 102; 3" 105; 2" 106; 5" 106, and 107 K are
shown (bottom to top). By the time these systems have evolved to Porb > 30
minutes, _MMd10$10 M# yr$1; donors in binaries with Porbe30 minutes
that have persistent _MM-values higher than this cannot have adiabatically
evolved from Porb & 10 minutes. The vertical dotted lines show the orbital
periods for ultracompact systems with an NS primary. For each composi-
tion, the upward-sloping lines show the critical _MM below which the
accretion disk is thermally unstable ignoring irradiation (Menou et al.
2002). The shaded horizontal band gives the critical _MM for an irradiated
disk (Dubus et al. 1999) for a range of irradiation efficiencies. The band
corresponds to the range of values for the Dubus et al. (1999) C parameter
of'50% the fiducial value.
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Core temperature evolution
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Evolution of core temperature

The heating is described by

C(T )
dT
dt

= Q
Ṁ
mu

,

and the cooling by

C(T )
dT
dt

= −L̃Tα

with α ≈ 2.2. Defining the cooling timescale of the core
as

τ ≡
Ecore
Lγ

=
1
2
C̃T 2end(L̃T

α
end)

−1,

and the temperature at the end of the outburst is

T 2end =

(

2
ΔM
mu

Q
C̃

)

[

1−
(

1+
α−2
2

trecur
τ

)

−2/(α−2)
]

−1

.



●

●

●

●

●

●

● ●

Core temperatures following end of 15 yr outburst
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Summary

• Observations of thermal relaxation of neutron star crusts

• Cooling timescale sensitive to NS mass, crust composition

• Suggestion of high thermal conductivity—at odds with superburst 
ignition?

• First calculation of heating in the outer crust with realistic nuclear 
physics

• Potentially much more heating than previously predicted

• Amount of heating depends strongly on composition

• Ignition of superbursts, long X-ray bursts (Cumming et al. 2006, Peng et al. 
2007)

• Calculations still overpredict the ignition depth of superbursts? Does this 
imply another source of heating?



Future work

• Reactions in the inner crust

• Pathway to equilibrium nuclei (Jones 2005)?

• Composition

• Heating

• Applications to quasi-persistent transients (Cackett’s talk)



The Bob Questions

• Nuclear physics

• Transport properties: what is the thermal conductivity of pasta (and 
sauce)—are there reasonable upper & lower limits?

• Better understanding of the transition between crust & core

• Astrophyscs

• Larger sample of superbursts & bursts at low accretion rates

• Synthesis of disparate observations: isolated cooling neutron stars, 
magnetars, X-ray bursters, & X-ray transients share the same nuclear 
physics.


