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In this talk...

• The quiescent luminosity of transients with long outbursts constrain the 
temperature in the crust (Rutledge et al 2002)

• The inferred temperature is not consistent with superburst recurrence 
times

• Towards more realistic models of crust reactions

• Inclusion of excited states

• Allowance for (γ,n),(n,γ) reactions

• Time and temperature dependence



Deep Nuclear Heating
following Haensel & Zdunik 1990, 2003

Neutron drip; 
EF ≈ 30 MeV

Pycnonuclear reactions 
release Qnuc ≈ 1.1–1.5 MeV
per accreted nucleon



Distribution of εnuc
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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 ! = 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 di!erence 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 e!ect
of the neutron drip triggered by an electron capture at
! = !ND. We get !ND = 6 " 1011 g cm!3 for Ai = 56 and
!ND = 8" 1011 g cm!3 for Ai = 106. Just after !ND 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 !pyc # 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 di!erent 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 di!erence # 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
! # 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 ! > 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

(Haensel & Zdunik 1990, 2003)

Heat released at ρ > ρ nd

• No consideration of excited 
states

• Only one nucleus present at a 
given depth

• Zero-temperature



eg, Fujimoto et al. 1987

Without deep heating, no superbursts



Ignition columns and recurrence times
Brown 2004

Cooper & Narayan 2005

dM/dt = 3.0×1017 g⋅s-1

factor of 20 in t
recur  



Two extreme assumptions

i. Thermal conductivity is a lower limit: ignores phonon transport, assumes 
no long-range order in crust

Cf. estimate of Jones (2004, PRL)

Neglects phonon transport: may be important in the inner crust

v. No substantial crust neutrino emission (                     ).Tc,n(1S0) ! T

D. Page; see talk by A. Cumming, next session

K !

1
3
Csλ



Measuring ν-cooling with neutron star 
transients

“slo
w” Q ν

“fas
t” Q ν

• Heat deposited during 
outburst is ≪ heat 
content

• Tcrust changes little 
over an outburst/
quiescent cycle (if 
not a strange star!)

• Colpi et al. 2001; 
Ushomirsky & 
Rutledge 2001; 
Yakovlev et al. 2003

• Two core models

• slow: mod. urca

• fast: direct Urca for r 
< 5 km 



KS1731–260 cooling after a long outburst
Wijnands 2001; Rutledge et al. 2002; Wijnands et al. 2002

Also had a superburst!
Ouellette & Brown, in preparationFollowing Ushomirsky & Rutledge 2001



Quiescent evolution, KS 1731-260

Ouellette & Brown, in preparation

Includes LCooperν



Electron captures in crust

• Start with rp-process ashes 
(Schatz et al. 2004, PRL)

• log(ft) for excited states 
computed from QRPA model (P. 
Möller), with analytical 
computation of phase space 
(Gupta)

• EF is incremented in steps of 0.1 
MeV to 25.0 MeV

• Electron captures are evolved at 
constant EF and T(EF) (Brown 
2004)

Gupta, et al. 2005, in prep.

JINA project!



Gupta et al. 2005, in prep.



A new effect

• Contours of constant Qec are 
misaligned from those of constant Sn

• A composition that is β-stable is 
not in equilibrium with respect to 
(γ,n)–(n, γ) reactions

• At a given EF, a sufficient kBT will 
trigger (γ,n),(n,γ) reactions

• Yn ≈ 10-5: neutrons are non-degenerate

• Look for the following

• T rapidly increases to ~GK within 
10-2 s and (γ,n)–(n, γ) equilibrium 
is attained

• Further heating from pre-threshold 
electron captures

Gupta et al. 2005, in preparation





Summary

• Ignition of superburst in KS 1731–260 is incompatible with observed Lq

• Misalignment of electron capture thresholds, neutron separation energies 
opens channels for shuffling of nuclei

• A realistic distribution of isotopes is susceptible to heating from (n,γ)–
(γ,n). Unsafe at any temperature

Stay tuned...
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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
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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.
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Schatz et al. 2001, PRL

Woosley et al. 2004, ApJ
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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: 

• May be important in the inner crust
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