
Isolated Neutron Stars 
 

Nils Andersson & Kostas Kokkotas 
 

mano a mano 
 
 

 



Want to use observations to probe matter at supranuclear densities. 

A “minimal” theory model requires:  

—  supranuclear equation of state 
 (hyperons, quarks etc.)  

—  elastic crust          
 (neutron superfluid+vortices) 

—  magnetic field    
 (configuration, currents?) 

—  temperature profiles                
 (exotic cooling mechanisms?) 

—  superfluid/superconductors  
 (vortices vs flux tubes?) 

—  rotation (various instabilities) 

—  relativistic gravity [courtesy Dany Page] 
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Penner et al 3

The Love number is calculated numerically as a prop-
erty purely of the stellar model, and the amplitude of
the associated perturbation is parameterised by aP , ei-
ther in terms of the binary separation, or the associated
gravitational-wave frequency:

aP = 6!2

!

4!

5

G2M2Mcomp

c6Mtotal
f2
GW (17)

Note that, for given stellar masses the tidal deformation
scales as the square of the gravitational-wave frequency.

4. RESULTS

We have generalised the numerical framework of
Penner et al. (2011) to allow for realistic equations of
state for both the crust and the star’s core. We present
results for stellar models that combine the Akmal et al.
(1998) equation of state for the core fluid with the results
of Douchin & Haensel (2001) in the crust. These mod-
els are state-of-the-art for this problem, but it should be
noted that we have not accounted for the (likely) pres-
ence of nuclear pasta in the inner crust. A sizeable pasta
region could have significant impact on the results, but
we do not yet have a su!ciently detailed equation of state
representing this possibility.
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Figure 1. Left panel: Mass-radius relation for our sequence of
stellar models, demonstrating consistency with the observational
constraints of Demorest et al. (2010) (upper dashed horizontal line)
and Steiner et al. (2010) (grey region). Right panel: The Love
number k2 (upper curve) as a function of the stellar compactness
M/R; cf., the pure fluid results in Fig. 1 of Hinderer et al. (2010).
We also show the relative influence of the crust on the tidal de-
formability, represented by !k2/kfluid2

(lower curve); this is similar
to the results of Penner et al. (2011). The compactness of the
1.4M! model considered in Fig. 2 is indicated by a vertical dashed
line.

The chosen core equation of state is su!ciently sti" to
satisfy constraints from observations (cf., the left panel
of Fig 1). It allows for neutron star masses at least as
large as 2M!, in agreement with the observed 1.97M!

mass of PSR J1614-2230 (Demorest et al. 2010). It also
satisfies the radius constraint from X-ray burst sources,
i.e., that a star with mass of 1.4M! should have a radius
in the range 11–12 km (Steiner et al. 2010). The elastic
properties of the crust do not a"ect the equilibrium con-
figurations since we assume the star is relaxed at large
binary separations.
Given this equilibrium configuration, we have calcu-

lated both the Love number k2, and the fractional di"er-
ence #k2/kfluid2 = (kcrust2 !kfluid2 )/kfluid2 between the Love
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Figure 2. The gravitational-wave frequency (in Hz) at failure
for di"erent locations in the crust of a 1.4M! neutron star. The
result, which is obtained by comparing the von Mises strain to the
breaking strain of Horowitz & Kadau (2009), corresponds to an
equal-mass binary. The vertical line near 11.15 km indicates the
location of neutron drip in the star.

numbers for an elastic star and the equivalent purely fluid
star (see Penner et al. (2011) for details). The results are
shown in the right panel of Fig. 1. They can be compared
to, first of all, the fluid star results of Hinderer et al.
(2010) and secondly the results of Penner et al. (2011)
for the magnitude of the crust e"ects. Based on these
comparisons, the present results are not surprising.
We have also evaluated the von Mises stress associ-

ated with the tidal perturbation. By comparing the
result to the anticipated breaking strain ubreak " 0.1
(Horowitz & Kadau 2009), we can infer when di"erent
parts of the crust fail during binary inspiral. A typical
result is shown in Fig. 2, providing the gravitational-wave
frequency at failure throughout the crust for a 1.4M!

star (in an equal-mass binary). The result is not trivial,
owing to both the nonlinear combination of perturbed
quantities that enter the von Mises stress and the asso-
ciated angular functions.
The large variation in the crustal strain implies that

failure will occur at di"erent stages during inspiral. From
Fig. 2 we see that the outer crust (roughly up to neutron
drip, corresponding to r " 11.15 km in Fig. 2) fails fairly
uniformly when fGW " 200 Hz. Meanwhile, failure of
the bulk of the inner crust requires fGW " 600! 800 Hz,
a factor of two or so below the ISCO frequency (see equa-
tion (10)). However, there are also macroscopic regions
in the inner crust that will not fail before merger. These
results improve upon the estimates from section 2, show-
ing the rich structure of the realistic calculation, with
failure occurring at di"erent stages at di"erent depths.

5. IMPLICATIONS

What happens when the crust fails? Again, key in-
sights are provided by the molecular dynamics simu-
lations of Horowitz & Kadau (2009). The indications
are that when the critical strain is reached, there is a
catastrophic failure, with energy released throughout the
strained volume, rather than the formation of a lower-
dimensionality crack. What happens next is less clear.
Two extreme scenarios can be envisaged: the relieved
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Figure 2. (Color on line) Sequences of (solid) cooling curves for NSs of masses from 1M! to Mmax (through 0.1M!) with strong proton superfluidity and
moderate neutron superfluidity (a) (left) or (c) (right) in the core (q = 0.76) compared with observations of isolated NSs. Dashed lines refer to warmest stars
of these types – 1M! stars with the carbon surface layer of mass 10"8 M!. Dash-and-dotted lines refer to coolest Mmax stars without proton superfluidity in
the inner core.

envelope of mass 10"8 M!. We can also lower the cooling curves of
massive (Mmax) stars: the dash-dotted lines are computed by taking
more realistic models for proton superfluidity, with Tcp(!) going
down at high densities. This opens direct Urca process in the in-
ner core and gives coldest possible NSs. Therefore, we can really
explain all the data with superfluidity (a), but not with superfluid-
ity (c).

The second temperature drop is known in the NS cooling the-
ory (e.g., Kaminker, Haensel & Yakovlev 2001). Cooling models
like (a) and (c) in Fig. 2 have been analysed by Gusakov et al.
(2004) with the same conclusion that models like (a) can explain
observations of all isolated NSs. Similar models of NSs with nu-
cleon cores, where direct Urca is forbidden but CPF operates, were
used as the basis of the minimal cooling theory (Page et al. 2004,
2006, 2009) although that theory employs selected Tc(!) profiles,
most favorable by the theory of nucleon superfluidity. Now we see
that the model of Gusakov et al. (2004) is also suitable to explain
the Cas A NS data.

Finally, Fig. 3 demonstrates the e!ect of suppression of CPF
neutrino emission in the axial-vector channel. To maximize the
CPF emission we take constant Tcn over the core. It produces espe-
cially strong splash of CPF neutrinos when the second temperature
drop starts. Three solid lines are the cooling curves for the 1.65M!
star calculated at q=0.7, 0.4 and 0.19. Otherwise the conditions are
the same as in the right panel of Fig. 1. With our constant Tcn, CPF
neutrino emission at q = 0.7 is too strong; it gives faster Cas A NS
cooling than required by observations. The case q = 0.4 now agrees
with the observations. Smaller q = 0.19 gives slower cooling that
cannot explain the data. Notice that the Tcn=const model is hardly
realistic. For more realistic Tcn(!) profiles we can reconcile theory
with the Cas A NS data at q > 0.4. This gives a useful restriction
on the uncertain theoretical parameter q.

In the inset of Fig. 3 we show the same three cooling curves
over larger range of ages. In addition, we plot the same dashed line
for non-superfluid star as in the right panel of Fig. 1, and another
dot-and-dashed line for the star with neutron superfluidity alone
with Tcn = 4.3 # 108 K and q = 0.76. The latter superfluidity trig-
gers a splash of CPF neutrinos, but the main modified Urca neu-
trino emission is too strong and the splash cannot produce a steep
Ts decline required by the observations. Adding a carbon surface

Figure 3. (Color on line) Same as on the right panel of Fig. 1 but for con-
stant Tcn over the core at three values q = 0.19 (Tcn = 7.55 # 108 K),
0.4 (7.2 # 108 K) and 0.7 (7 # 108 K). The inset shows the same cooling
curves but over larger range of ages, together with the dashed curve for
non-superfluid star and the dash-and-dot curve for the star without proton
superfluidity but with neutron superfluidity at Tcn = 4.3 # 108 K.

layer of mass $ 10"12 M!, we could raise the latter curve to the Cas
A NS level but would be unable to reproduce the cooling slope.
Our calculations show that the modified Urca emission should be
suppressed at least by a factor of 30 (for the most e"cient CPF
emission with q = 0.76 and constant Tcn) to get the required slope.
Taking smaller q or narrower Tcn(!)-profile would require stronger
suppression of the modified Urca process.

4 CONCLUSIONS

We report a new (November, 2010) Chandra observation of the
young Cas A NS that confirms the observed (Heinke & Ho 2010)
steady decline of the surface temperature Ts (by 4% over 10 years).
We propose a natural explanation of the observed decline. We as-
sume that the Cas A NS underwent the traditional internal crust-

c% 2010 RAS, MNRAS 000, 1–6
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Figure 1. Superfluid gap energies (left: singlet; right: triplet)
as a function of Fermi wavenumber for neutrons kFn and pro-
tons kFp. The neutron singlet (dot-short-dashed) model is from
Wambach et al. (1993), the proton singlet (dashed) model is sim-
ilar to Chen et al. (1993), and the neutron triplet (dot-long-
dashed) model is either a shallow model from Elgarøy et al.
(1996) or a deep model similar to Shternin et al. (2011).

electrons and muons. A reduction of the heat capacity due
to nucleon superfluidity can be taken into account by using

CSF
x = RC

x Cx (9)

where the reduction factor RC
x only depends on the ratio

T/Tcx and whether the superfluid is of singlet or triplet type
(Levenfish & Yakovlev 1994a; Yakovlev et al. 1999b). The
ion heat capacity is (van Riper 1991)

Cion = (3/2)k !

!

"

#

1 if !c " 1
2fD(T/TD) if 1 < !c " 150
1 + log !c

log 150 if !c > 150
, (10)

where

fD(T/TD) =

!

"

#

0.8!4(T/TD)
3 if T/TD " 0.15

1# 0.05(TD/T )
2 if T/TD $ 4

1.70(T/TD) + 0.0083 otherwise
(11)

and the Debye temperature is

TD = 3.48! 106 K (Z/A)("/106 g cm!3)1/2. (12)

2.5 Neutrino Emissivity

For the NS core, we calculate neutrino emission due to the
neutron and proton branches of the modified Urca process
and neutron-neutron, neutron-proton, and proton-proton
bremsstrahlung using emissivities from Yakovlev et al.
(1999b); Page et al. (2004). When neutrons and/or protons
are superfluid, we account for suppression of the above pro-
cesses (Levenfish & Yakovlev 1994b; Yakovlev et al. 1999b)
and neutrino emission due to Cooper pairing of the super-
fluid component (Yakovlev et al. 1999b; Page et al. 2009).

Figure 2. Superfluid critical temperatures as a function of den-
sity (top panel) and normalized stellar radius (bottom panel).
Critical temperatures Tcns (dot-short-dashed), Tcnt (dot-long-
dashed), and Tcp (dashed) are for neutron singlet, neutron triplet,
and proton singlet, respectively. Neutron triplet pairing is taken
to be described by either the shallow or deep model (see text).
Vertical solid lines indicate the approximate boundaries be-
tween the core and inner crust (at near nuclear saturation, i.e.,
! ! !nuc/2) and inner and outer crusts (at neutron drip, i.e.,
! ! 4" 1011 g cm!3).

For the APR I EOS (see Section 2.1), neutrino emis-
sion by the direct Urca process occurs when M > 1.829M"

(central densities above 1.680!1015 g cm!3; Gusakov et al.
2005); for this present work in which we consider only M =
1.4M", we will neglect this process (as well as other ‘fast’
cooling processes; see Yakovlev & Pethick 2004; Page et al.
2006). As shown by Kaminker et al. (2006), cooling by di-
rect Urca has no e"ect on the surface temperature because
of thermal decoupling between the core and outer crust. In
addition, since direct Urca is more e"ective at cooling the
core, it would speed up the onset of superfluidity. Hence its
inclusion would make our conclusions even more robust.

In the crust, we account for electron-nucleon, neutron-
neutron, and neutron-nucleon bremsstrahlung, plasmon de-
cay, and e!-e+ pair annihilation using emissivities from
Yakovlev et al. (1999a, 2001) When neutrons are super-
fluid (in the singlet state), we account for the suppression
of neutron-neutron and neutron-nucleon bremsstrahlung
(Yakovlev et al. 1999b, 2001), as well as including neutrino
emission due to neutron Cooper pairing (Yakovlev et al.
1999b; Page et al. 2009). We neglect neutrino synchrotron
emission in a magnetic field since this additional emis-
sion would cause even more rapid cooling of the crust
(Yakovlev et al. 2001).

2.6 Thermal Conductivity

For the core, we sum thermal conductivities due to neutrons,
electrons, and muons (Flowers & Itoh 1979, 1981). We use

c# 2012 RAS, MNRAS 000, 1–11
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Figure 4. Temperature profiles for cooling model with superflu-
idity and no heating (long-dashed lines). The six profiles are at
ages t = 10!4 (top), 1, 100, 500, 103, and 104 yr (bottom). Also
plotted for comparison are profiles (dotted lines) for the model
with no superfluidity at ages t = 10!4, 1, and 100 yr (see Fig. 3).
Critical temperatures for neutron singlet (dot-short-dashed), neu-
tron triplet (dot-long-dashed), and proton singlet (short-long-
dashed) are shown. Vertical solid lines indicate boundaries be-
tween core and inner crust and inner and outer crusts.

in regions near the critical temperature. Proton supercon-
ductivity occurs at ! 1 min, and much of the core is su-
perconducting after ! 1 yr. Core neutrons start becoming
superfluid at around a few" 100 yr.

3.3 Cooling with superfluid and crust heating

Figure 5 shows temperature profiles for a cooling model
that includes superfluidity and crust heating [see eq. (16)].
The profiles with crust heating are similar to those shown
in Kaminker et al. (2006, 2009). In particular, it is clear
that an additional heat source in the outer crust can very
e!ectively maintain a high temperature near the NS sur-
face [with redshifted surface temperature T"

s > 3 " 106 K,
where T"

s = Ts(1 # 2GM/c2R)1/2, for times longer than
!h (= 104 yr)], but this strong heating in the crust does
not prevent the core from cooling rapidly. Due to thermal
decoupling between the outer crust and core, the core tem-
perature drops below the critical temperature for neutron
triplet superfluidity at a few" 100 yr, whether or not there
is crust heating.

3.4 Cooling with superfluid and normal core

heating

Figure 6 shows temperature profiles for a model that in-
cludes superfluidity and core heating due to magnetic field
decay with an initial field B0 = 1016 G and !decay = 104 yr
[see eqs. (17) and (19)]. We see that, with such strong heat-
ing, the core temperature stays above the critical temper-

Figure 5. Temperature profiles for cooling model with super-
fluidity, crust heating, and heating timescale !h = 104 yr (short-
dashed lines). The six profiles are at ages t = 10!4 (top), 1, 100,
500, 103, and 104 yr (bottom). Critical temperatures for neutron
singlet (dot-short-dashed), neutron triplet (dot-long-dashed), and
proton singlet (short-long-dashed) are shown. Vertical solid lines
indicate boundaries between core and inner crust and inner and
outer crusts.

ature Tcnt for t $ 100 yr. However, the extra heat created
in the core from field decay is e"ciently removed by core
neutrino emission processes, with their strong temperature
dependencies (Yakovlev & Pethick 2004; Page et al. 2006);
while the temperatures in the crust are higher than those
from models without any heating, they are significantly
lower than those from models with crust heating.

3.5 Comparison with magnetar surface

temperatures

Figure 7 shows the evolution of redshifted surface temper-
atures T"

s for the cooling models plotted in Figs. 3 – 6.
For models with crust or core heating, we also show cool-
ing curves with fully accreted light element envelopes and
a surface magnetic field 1015 G that is directed along the
radial direction, which produce higher surface temperatures
for the same outer crust temperature (Potekhin et al. 2003;
see also Section 2.7). The cooling curves are compared to
the estimated ages and measured surface temperatures of
magnetars6 and other neutron stars (see Chevalier 2005;
Yakovlev et al. 2008; Ho & Heinke 2009; Kaminker et al.
2009, and references therein). Our results clearly indicate

6 Data are taken from the McGill SGR/AXP Online Catalog
at http://www.physics.mcgill.ca/!pulsar/magnetar/main.html.
Magnetar ages and surface temperatures are not well-determined
due to additional systematic uncertainties that are large (see, e.g.,
Kaminker et al. 2006, 2009, for details). Kaminker et al. (2009)
consider the more reliable surface luminosity. For simplicity, we
consider the “magnetar box” illustrated in Fig. 7.

c" 2012 RAS, MNRAS 000, 1–11
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tion luminosity Lacc and NS spin frequency !s (= !s/2")
are measured from LMXB observations. Since the NS
(with mass M and radius R) is taken to be in spin-
equilibrium, the spin-up torque from accretion is equal
to the spin-down torque from gravitational radiation,
i.e., Nacc = NGW. We take Nacc = Lacc/!K, where
!K = (GM/R3)1/2 is the Kepler rotation frequency, and
use the model of [3, 12] to obtain NGW for a r-mode with
amplitude # and timescales $ for relevant processes. Con-
sidering a 1.4MSun, 12.5 km NS, the balance yields an
“equilibrium” r-mode amplitude

# ! 8"10!7
!

Lacc/10
35ergs s!1

"1/2
(!s/300 Hz)!7/2. (1)

Our choice of M and R are in line with those used in
previous r-mode work [12], as well as those given by the
Akmal-Pandharipande-Ravenhall equation of state (see
below). In steady-state, the heat dissipated by damping
of the r-mode is equal to the energy gain from GW emis-
sion, i.e., Lheat = #LGW, where LGW = #NGW!s/3, so
that [13]

Lheat = Lacc!s/3!K = 0.065(!s/300 Hz)Lacc. (2)

Taking the heat from r-mode dissipation to be lost by
neutrino emission [Lheat = L!(T )], the core temperature
T can be inferred. Note that cooling via neutrino emis-
sion dominates over photon emission at our considered
temperatures. It is traditional to assume that the NS
cools by the modified Urca neutrino emission process,
which has a luminosity [14]

LMU
! ! 7.4" 1031 ergs s!1 (T/108 K)8. (3)

Setting Lheat equal to LMU
! yields the core temperature.

Figure 1 shows Lheat and LMU
! , with their intersection

indicating the core temperature for each LMXB. It is
worth noting that the heat associated with the unstable
r-mode [Eq. (2)] corresponds to $ 10 MeV per accreted
nucleon, compared to the $ 1 MeV from nuclear burning
in the deep crust [15]. Even if we assume nuclear heating
instead of an unstable r-mode, the e"ect on the inferred
T is only at the ! 30% level because of the strong tem-
perature scaling in Eq. (3).
The above estimates assume normal nucleons in the

stellar interior. It is expected that neutrons are super-
fluid and protons are superconducting in the NS core [16].
The measurement of rapid cooling of the Cassiopeia A NS
[11, 17] gives the first direct evidence for the existence of
superfluid components and constrains the critical tem-
peratures for the superfluid transition Tcn and Tcp, i.e.,
Tcn,max ! (5 # 9) " 108 K and Tcp $ (2 # 3) " 109 K
[10, 11]. Superfluidity has two important e"ects on neu-
trino emission and cooling: (1) suppression of emission
mechanisms, like the modified Urca process, that involve
superfluid constituents and (2) enhanced emission near
the critical temperatures due to Cooper pair formation

FIG. 1: Heat generated by damping of r-modes Lheat com-
pared to the neutrino cooling luminosity L! as a function of
NS core temperature T . The thin horizontal lines are Lheat

for known LMXBs computed using their flux, distance, and
spin frequency from [28] and Eq. (2). The long-dashed line is
the modified Urca luminosity LMU

! . The triangles and starred-
triangles indicate the intersection of Lheat and LMU

! , which de-
termines T for each LMXB and short recurrence time LMXB
(sLMXB). The thick solid lines are LSF

! with Tcn,max = 5.6
and 9!108 K, and the squares and diamonds are the inferred
T (from Lheat = LSF

! ) for each source. The short-dashed and
dotted lines are approximate fits to LSF

! in the strongly super-
fluid and in the non-superfluid neutron regimes, respectively.

[18]. We use the results of [19] to calculate the neutrino
emissivities due to the modified Urca process, accounting
for superfluid suppression, and the Cooper pair forma-
tion process. We take Tcp = 2" 109 K and Tcn(%) to be
approximately given by model (a) of [11]. The neutrino
luminosity LSF

! is then obtained by integrating the emis-
sivities using a stellar model based on the APR EOS
with M = 1.4MSun and R = 12 km [11]. The results
presented here do not depend strongly on the assumed
stellar mass [10, 11].

Figure 1 shows LSF
! with Tcn,max = 5.6 and 9" 108 K.

At T " Tcn,max, the suppression of the modified Urca
process by the superconducting protons yields LSF

! <
LMU
! . Since cooling is less e#cient, the inferred core tem-

peratures are higher than those obtained from Eq. (3).
At T < Tcn,max, neutrino emission is enhanced due to
Cooper pair formation, and the cooling is more e#cient,
which results in a lower inferred T . It is noteworthy
that, for Tcn,max ! 8 " 108 K, a unique T does not
exist for a range of LSF

! = Lheat. For example, for
Tcn,max = 5.6"108 K, there can be a factor of two di"er-
ence in the inferred T when the observed accretion lumi-

3

nosity Lacc ! (3" 10)# 1036 ergs s!1(600 Hz/!s). Inter-
estingly, there are five LMXBs that show short recurrence
times between multiple X-ray bursts due to nuclear burn-
ing of accreted matter [20]. These sources have accretion
luminosities within this range, and thus their higher tem-
peratures could perhaps be responsible for their distinct
bursting behavior. We also note that there is a branch
of LSF

! that could produce LMXBs which increase in lu-
minosity even though their temperatures are decreasing.
Finally, we find that, in the temperature regime (T $

Tcn,max) where both protons and neutrons are strongly
superfluid, the neutrino luminosity is [18]

LnpSF
! % 20LMU

! , (4)

while in the temperature regime (Tcn,max ! T $ Tcp)
where protons are superfluid and neutrons are normal,
the neutrino luminosity is

LpSF
! % 4# 1039 ergs s!1[log(T/108 K)]21. (5)

Figure 1 also shows LnpSF
! and LpSF

! . By setting Lheat

equal to LnpSF
! or LpSF

! , we obtain core temperatures
which approximate the ones illustrated in Fig. 2.
Physics of the instability window." Figure 2 shows the

core temperature (inferred from either Lheat = LMU
! or

Lheat = LSF
! ) and spin frequency for each LMXB. Since

superfluidity suppresses damping mechanisms like hy-
peron bulk viscosity and alternative mechanisms like mu-
tual friction are too weak (see below), the consensus view
is that the viscous boundary layer at the crust-core in-
terface is the primary damping agent. It is clear that
a large number of LMXBs are in the unstable region
(above the "SV-curve) unless the damping is described
by a rigid crust model ("BL-curve) [8]. However, a rigid
crust is completely at odds with expectations. In the
fast systems, the Coriolis force that drives the r-modes
should dominate the elastic restoring force (µ/!s ! 10!4,
where µ is the shear modulus). “Slippage” between the
crust and core reduces the damping by a factor >100
(see Fig. 2) [9]. It is also worth noting that the magnetic
fields in these systems (! 108 G) are too weak to alter
the nature of the boundary layer (this requires core fields
" 1011 G [21]). We consider the implications of the data
in Fig. 2 in light of these arguments.
First, let us assume that the r-modes are unstable.

One might expect the unstable systems to exhibit a dis-
tinctive behavior. An example may be the short recur-
rence time LMXBs, which would make them interest-
ing targets for gravitational wave searches; we estimate
that dissipation from an unstable r-mode can power the
observed quiescent luminosity of these higher tempera-
ture LMXBs (c.f. [13]). Conversely, the low temperature
LMXBs may be r-mode stable; this idea is supported by
the LMXBs SAX J1808.4"3658 and IGR J00291+5934,
which have measured spin evolutions that are consistent
with magnetic dipole losses without gravitational radia-
tion [22]; note that the low temperature LMXBs could

FIG. 2: Neutron star spin frequency !s and core tempera-
ture T . The long-dashed-dotted lines are the shear viscosity
instability curve (where "GW = "SV), the short-dashed-dotted
lines are the rigid boundary layer instability curve (where
"GW = "BL), and the solid lines are a more realistic, elas-
tic boundary layer curve (where "GW = 102"BL). Top panel:
The triangles are LMXBs whose T are derived from their ob-
served Lacc and assuming LMU

! for cooling. Bottom panel:
The squares are LMXBs and diamonds are short recurrence
time LMXBs (sLMXB) whose T are derived from their ob-
served Lacc and assuming LSF

! for cooling.

have even lower temperatures, if, e.g., fast neutrino cool-
ing processes operate in these sources [18]. Consider a
NS that enters the unstable region. The r-mode then
grows rapidly to an amplitude such that nonlinear cou-
pling to other modes causes the instability to saturate [4];
the saturation amplitude is expected to be much larger
than that required for spin-balance [c.f. Eq. (1)]. The
subsequent evolution is likely to be quite complex [5].
In principle, the NS will heat up and spin-down, and
the LMXB should leave the instability window in a time
much shorter than the age of the system [23]. Therefore
the observed LMXBs should all be stable, which contra-
dicts the data in Fig. 2. Most importantly, all reasonable


