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                          LMXB'S

 NS or a black hole that accretes matter from a low-mass companion star. 
Quiescent state------> Little accretion occurs (X-ray luminosity < 1034  erg s-1)
During outburst------>mass accretion rises (lumnosity ~1036  erg s-1 - 1039  erg s-1)
The acreted matter during outburstduring outburst is responsable for the X-ray emissionX-ray emission.
The origin of the quiescent X-ray emisionquiescent X-ray emision can be the NS deep crustal heatingdeep crustal heating. 

There is  energy generated in the NS There is  energy generated in the NS 
crust due tocrust due to electron captures,electron captures,

  neutron emission and pycnonuclear reactions.neutron emission and pycnonuclear reactions.
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Five sources detected

A. Turlione, D.N. Aguilera and J. Pons: Quiescent thermal emission of neutron stars in LMXBs

Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an

5
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(a) MXB1659!29, data and fits from Cackett
et al. (2008) and Cackett et al. (2013) (open sym-
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(b) KS1731!260, data and fits from Cackett
et al. (2010a).
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Fig. 1. Observational data and corresponding fits taken from the literature. Data from Chandra (circles), XMM-Newton (squares)
and Swift (triangles) for all the sources. Exponential decay kBTs = a e!(t!t0)/! + b (solid lines), and (broken) power laws
kBTs = !(t! t0)

" (dashed lines) fits.

a = (73 ± 2) eV, ! = (465 ± 25) d, and b = (54 ± 2) eV,
with "2 = 0.8 (Cackett et al. 2008). This fit shows that
the flux and temperature of the last observation remained
consistent with the previous two Chandra observations per-
formed 1000 days before.

Recently a new Chandra observation (Cackett et al.
2013) showed an unexpected drop in count rate and a
change in the spectral shape which cannot be explained by

continued cooling. Two possible scenarios are discussed in
that work: first, it is assumed that the NS temperature re-
mained unchanged and there was an increase in the column
density; alternatively, t he NS surface temperature dropped
and the spectrum is now dominated by a power law com-
ponent. Future observations of this source are necessary to
disentangle between these two possibilities (corresponding
temperatures are shown as open symbols in Fig. 1a).
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Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an

5

Saturday, September 27, 2014



Five sources detected

A. Turlione, D.N. Aguilera and J. Pons: Quiescent thermal emission of neutron stars in LMXBs
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"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)
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law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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(a) MXB1659!29, data and fits from Cackett
et al. (2008).
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(b) KS1731!260, data and fits from Cackett
et al. (2010a).
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(c) EXO0748!676, data and fits from Dı́az
Trigo et al. (2011) and Degenaar et al. (2011b).
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(d) XTEJ1701!462, data and fits from
Fridriksson et al. (2011). Data with open symbols
(XMM-3 and CXO-4) were not considered in fits.
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Fig. 1. Observational data and corresponding fits taken from the literature. Data from Chandra (circles), XMM-Newton (squares)
and Swift (triangles) for all the sources. Exponential decay kBTs = a e!(t!t0)/! + b (solid lines), and (broken) power laws
kBTs = !(t! t0)

" (dashed lines) fits.

tion from outburst to quiescent emission and the first 800
days of the quiescent phase were monitored by Fridriksson
et al. (2010). During most of the quiescent period, the
source was followed by Chandra in a campaign consisting
of 10 observations made between August 2007 and October
2009, and, lately, one more in October 2011. It was also
observed three times with XMM-Newton in August 2007,
September 2007 and March 2009, and last data came from
April 2011 taken from Swift (Fridriksson et al. 2010, 2011).

Data points are plot in Fig. 1 on the bottom right panel.
The inferred value for the mass accretion rate is close to
the Eddington rate, Ṁobs,18 = 1.1 (Cackett et al. 2010b).
XTEJ1701!462 luminosity was measured very early in the
quiescent phase: three data points in the first twenty days,
which gives valuable information about the cooling right
after the end of the outburst.

Spectra of XTEJ1701!462 show thermal and non-
thermal components with the latter well fitted by a power
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Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)
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inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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(a) MXB1659!29, data and fits from Cackett
et al. (2008).
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(b) KS1731!260, data and fits from Cackett
et al. (2010a).
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(c) EXO0748!676, data and fits from Dı́az
Trigo et al. (2011) and Degenaar et al. (2011b).
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(d) XTEJ1701!462, data and fits from
Fridriksson et al. (2011). Data with open symbols
(XMM-3 and CXO-4) were not considered in fits.
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(e) IGRJ17480!2446, data from Degenaar
(2012), our fits.

Fig. 1. Observational data and corresponding fits taken from the literature. Data from Chandra (circles), XMM-Newton (squares)
and Swift (triangles) for all the sources. Exponential decay kBTs = a e!(t!t0)/! + b (solid lines), and (broken) power laws
kBTs = !(t! t0)

" (dashed lines) fits.

tion from outburst to quiescent emission and the first 800
days of the quiescent phase were monitored by Fridriksson
et al. (2010). During most of the quiescent period, the
source was followed by Chandra in a campaign consisting
of 10 observations made between August 2007 and October
2009, and, lately, one more in October 2011. It was also
observed three times with XMM-Newton in August 2007,
September 2007 and March 2009, and last data came from
April 2011 taken from Swift (Fridriksson et al. 2010, 2011).

Data points are plot in Fig. 1 on the bottom right panel.
The inferred value for the mass accretion rate is close to
the Eddington rate, Ṁobs,18 = 1.1 (Cackett et al. 2010b).
XTEJ1701!462 luminosity was measured very early in the
quiescent phase: three data points in the first twenty days,
which gives valuable information about the cooling right
after the end of the outburst.

Spectra of XTEJ1701!462 show thermal and non-
thermal components with the latter well fitted by a power
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Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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(a) MXB1659!29, data and fits from Cackett
et al. (2008).
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(b) KS1731!260, data and fits from Cackett
et al. (2010a).
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(c) EXO0748!676, data and fits from Dı́az
Trigo et al. (2011) and Degenaar et al. (2011b).
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(d) XTEJ1701!462, data and fits from
Fridriksson et al. (2011). Data with open symbols
(XMM-3 and CXO-4) were not considered in fits.
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(e) IGRJ17480!2446, data from Degenaar
(2012), our fits.

Fig. 1. Observational data and corresponding fits taken from the literature. Data from Chandra (circles), XMM-Newton (squares)
and Swift (triangles) for all the sources. Exponential decay kBTs = a e!(t!t0)/! + b (solid lines), and (broken) power laws
kBTs = !(t! t0)

" (dashed lines) fits.

tion from outburst to quiescent emission and the first 800
days of the quiescent phase were monitored by Fridriksson
et al. (2010). During most of the quiescent period, the
source was followed by Chandra in a campaign consisting
of 10 observations made between August 2007 and October
2009, and, lately, one more in October 2011. It was also
observed three times with XMM-Newton in August 2007,
September 2007 and March 2009, and last data came from
April 2011 taken from Swift (Fridriksson et al. 2010, 2011).

Data points are plot in Fig. 1 on the bottom right panel.
The inferred value for the mass accretion rate is close to
the Eddington rate, Ṁobs,18 = 1.1 (Cackett et al. 2010b).
XTEJ1701!462 luminosity was measured very early in the
quiescent phase: three data points in the first twenty days,
which gives valuable information about the cooling right
after the end of the outburst.

Spectra of XTEJ1701!462 show thermal and non-
thermal components with the latter well fitted by a power
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Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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Table 1. Sources, average accretion rate Ṁobs and accretion period tacc inferred from observations. Coeficients for exponential
kBTs = a e!(t!t0)/! + b, power law kBTs = !(t! t0)

"1 and broken power law fits kBTs = !(t! t0)
"1 , kBTs = (t! tb)

"2 . † = Fit
inconsistent with the last observation. †† = Fixed parameter. References: [a] Cackett et al. (2008), [b] Cackett et al. (2010a) , [c]
Degenaar et al. (2011b), and [d] Dı́az Trigo et al. (2011), [e] Fridriksson et al. (2011) [f] Degenaar & Wijnands (2011a).

Source Ṁobs tacc Exponential fit Power, broken power law fits
(1018g s!1) (yr) a (eV) " (d) b (eV) #2 ! (eV) $1,$2 " 10!3 tb (d) #2

MXB1659!29[a] 0.07-0.18 2.5 73±2 465±25 54±2 0.8 —
KS1731!260[b] 0.05-0.3 12.5 39.8±2.3 418±70 67.7±1.3 1.07† 174.7±1.3 $1 = !12.5±7 0.88
EXO0748!676 0.03 24
Chandra [c] 17.2±1.8 266±100 106.2±2.5 0.02 —
Swift [d] 13.4±0.2 192±10 107.9±0.2 0.34 135.0±17.8 $1 = !30±30 166±99 0.3

$2 = !60±20

XMM-Newton [d] 17.2±5.8 133.5±87.8 109.1±2.2 0.06 141.0±8.4 $1 = !40±10 0.4
all data [d] 14.0±1.4 220±65 107.6±1.5 0.39 135.8±2.5 $1 = !35±3 0.51
XTEJ1701!462[e] 1.1 1.6 36.9±1.7 133+38

!25 123.4±0.9 1.07† 168.8±5.7 $1 = !30±13 38+24
!12 0.88

$2 = !69±4

IGRJ17480!2446[f ] 0.2 0.17 27±1 456±12 75†† 0.52 135.5±6.9 $1 = !75±10 0.23

law of index 1-2. The origin of the non-thermal emission
is not well understood but likely coming from magneto-
spheric activity, Campana et al. (1998). The thermal emis-
sion in quiescence (see Fig. 1 bottom right panel), coming
from the neutron star surface, shows an overall decrease in
the temperature interpreted as the cooling of the neutron
star crust heated up in the accretion phase. Nevertheless,
some features in the observed luminosity indicate that the
crustal cooling may be a!ected by other processes; the over-
all XTEJ1701!462 surface temperature evolution di!ers
from the one observed in MXB1659!29 and KS 1731!260
and its analysis presents a challenge to understand the un-
derlying astrophysics of this peculiar source.

First, it can be noticed that the e!ective surface temper-
ature decreases from approximately 160 eV to 120 eV, tem-
peratures significantly higher than the ones registered for
MXB1659!29 and KS 1731!260 (approx. from 120 eV to
60 eV). The relatively warm NS surface of XTEJ1701!462
may be a result of the heating produced by the infall
material for a close-to-Eddington accretion rate at which
this source has been accreting most of its active phase.
Alternatively, it could be also due to a high core tempera-
ture (young star?) or because the detected radiation is ac-
tually coming from the much hotter disk rather than from
the NS surface.

Second, the overall cooling seems to be explain by
crustal heating as analyzed in Fridriksson et al. (2010)
from data from XMM-Newton and Chandra where they
found good fits considering exponential and broken power
law functions with !2 = 1.07 and !2 = 0.88, respectively.
Nevertheless, these fits do not include the third XMM-
Newton (XMM-3) and the fourth Chandra (CXO-4) ob-
servations at " 220 days, which show a considerable in-
crement in thermal and non-thermal spectral components
(Fridriksson et al. (2011), see Table 1). Their enlarged sur-
face temperature has no satisfactory explanation so far.
One explanation we will investigate in this work is the
presence of low-level residual accretion onto the NS dur-
ing quiescence for a short period (" days). The correlated
increase in thermal and non thermal emissions during flares
is unusually associated with strong accretion but in general
it does not seem to be a correlation between them in qui-
escense due to the di!erent (likely magnetospheric) origin
of the non thermal flux. This argues against a relevant con-

tribution of accretion during quiescense but this possibility
cannot be ruled out Fridriksson et al. (2010), specially when
both components are augment in a coincident event. This
activity seems not to a!ect the long term cooling ("month-
years) since the thermal flux after the peak is consistent
with the cooling from the level preceding it, but strongly
modifies temperatures measured close to the event.

One more drawback is that in Fridriksson et al. (2010)
it was not clear if the XTEJ1701!462 crust had already
reached a thermal equilibrium with the core or was still
cooling. A very recent Chandra observation indicated, with
80% confidence, that the surface temperature has decreased
implying that the source is still cooling (Fridriksson et al.
2011). This new data is inconsistent with previous fits.

Another challenge for crutal cooling modeling is that the
temperatures registered at early times drop in a relatively
short timescale with an e-folding time for the exponential
fit "120 days (in comparison with "300 days and "460 days
for MXB1659!29 and KS 1731!260, respectively Cackett
et al. (2010a)) which argues in favor of a highly conductive
crust. Moreover, the temperature evolution shows a change
in the slope at around 80-100 days (Fridriksson et al. (2011)
obtained even 25-80 days). This so called break in the evo-
lution makes di"cult to reconcile the initial rapid cooling
showed by early observations and the much slower decrease
from the last data in the same cooling evolution.

2.5. IGR J17480!2446

The transient IGRJ17480!2446 was found in the globular
cluster TERZAN by Chandra telescope in 2003 (Heinke
et al. 2006). In October 2010 it suddenly entered in an
outburst period increasing its intensity by "1 order of
magnitude (Bordas et al. 2010; Pooley et al. 2010). The
source returned to quiescence after " 10 weeks (Degenaar
& Wijnands 2011a). A Chandra observation 50 days after
the end of the outburst showed that the surface tempera-
ture was higher than the base level observed in 2003 and
2009 by a factor 4 (Degenaar & Wijnands 2011b).

In order to investigate if the observed heating is due
to crustal cooling or low level accretion, Degenaar et al.
(2011a) performed a new Chandra observation of the
source at " 125 days during quiescence. They found that
data fits are consistent with an exponential decay with an
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(a) MXB1659!29, data and fits from Cackett
et al. (2008) and Cackett et al. (2013) (open sym-
bols).
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(b) KS1731!260, data and fits from Cackett
et al. (2010a).
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(c) EXO0748!676, data and fits from Dı́az
Trigo et al. (2011) and Degenaar et al. (2011b).
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(d) XTEJ1701!462, data and fits from
Fridriksson et al. (2011). Data with open symbols
(XMM-3 and CXO-4) were not considered in fits.
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Fig. 1. Observational data and corresponding fits taken from the literature. Data from Chandra (circles), XMM-Newton (squares)
and Swift (triangles) for all the sources. Exponential decay kBTs = a e!(t!t0)/! + b (solid lines), and (broken) power laws
kBTs = !(t! t0)

" (dashed lines) fits.

a = (73 ± 2) eV, ! = (465 ± 25) d, and b = (54 ± 2) eV,
with "2 = 0.8 (Cackett et al. 2008). This fit shows that
the flux and temperature of the last observation remained
consistent with the previous two Chandra observations per-
formed 1000 days before.

Recently a new Chandra observation (Cackett et al.
2013) showed an unexpected drop in count rate and a
change in the spectral shape which cannot be explained by

continued cooling. Two possible scenarios are discussed in
that work: first, it is assumed that the NS temperature re-
mained unchanged and there was an increase in the column
density; alternatively, t he NS surface temperature dropped
and the spectrum is now dominated by a power law com-
ponent. Future observations of this source are necessary to
disentangle between these two possibilities (corresponding
temperatures are shown as open symbols in Fig. 1a).
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Fig. 2. Accreted crust composition (stars, circles) for 56Fe burn-
ing ashes (HZ08) in comparison to the non-accreted crust (solid
lines) (Douchin & Haensel 2001).

Throughout this work, we consider the gap calculated by
Schwenk et al. (2003) unless we state otherwise.

3.2. Crust composition and crustal heat sources

Accordingly to theoretical models, as the matter is accreted
it compresses the material and induces nuclear reactions
in the envelope and crust, which modify their composition
respect to the non-accreted state. Main processes are:

– thermonuclear reactions due to light elements (H, He)
burning in the envelope,

– electron captures in the outer crust, and
– neutron emissions and pycnonuclear reactions in the in-

ner crust.

In this section we describe crust properties and we will
focus on the envelope ones in Sec. 5.

The crust of an accreting NS can be entirely replaced after
an accretion period of several years, thus, its composition
can be significantly di!erent from that of an isolated NS,
as we can see in Fig. 2 (HZ08, BC09). We plot in this
figure the mass number A (circles) and the nuclear charge
Z (stars) as a function of the density along the NS crust
assuming that initial ashes are 56Fe; solid lines denote the
non accreted composition.

In the outer crust electron captures occurs in two
steps. First, in a quasi equilibrium way and releasing
a negligible amount of energy, the capture leads to an
odd-odd nucleus (both Z and A are odd) which is strongly
unstable in dense medium. Then, the unstable nucleus
captures another electron in a non equilibrium way, this
time releasing enough energy to heat the matter. This
mechanism translates into a systematic decreasing of Z in
Fig. 2, while A remains constant for densities lower than
!ND (see Sec. 2.1 of HZ08 for details).

In the inner crust, at densities above !ND, there are
neutron emissions in addition to electron captures which
makes A to decrease. This happens until high enough den-
sities at which the Coulomb barrier gets lower; at this point
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Fig. 3. Released energy per nucleon by electron captures,
neutron emissions and pycnonuclear reactions for 56Fe ashes
(HZ08). The colored band shows the location of additional
sources considered in section 9.2.

the mean distance between nucleus diminishes and quan-
tum zero-point vibrations increase leading to pycnonuclear
reactions which results in jumps in A. In Fig. 2 we can ob-
serve that the composition changes abruptly with depth,
the jumps correspond to the location of thresholds for py-
cnonuclear reactions.

Finally, Fig. 3 shows heat sources calculated by HZ08
assuming 56Fe initial ashes composition. We can see that
the biggest amount of energy is released in the inner crust
by the pycnonuclear reactions; the total heat per nucleon
released in the outer crust is 0.2 MeV.nuc!1 in contrast
to 1.7 MeV.nuc!1 deposited in the inner crust. Additional
heat sources in the outer crust will be considered when
analyzing the observational data in Sec. 9.2.

The heat deposited in the outer crust by sources of much
less intensity (! 100 keV nucl!1) than the corresponding
pynonuclear in the inner crust has a comparative larger
e!ect on the NS cooling evolution. Shallow heat influences
directly increasing the surface temperature and resulting in
a slower cooling, specially at early times, as we will show
later in this work.

3.3. Transport properties and neutrino emission

The processes that dominate the crust thermal conductivity
depend (strongly) on the temperature and on the density.
While electron-phonon scattering dominates at low densi-
ties in the outer crust, electron-impurity scattering is the
most important process at higher densities in the inner
crust. To calculate these processes, we used the public code
of Potekhin2.

An important parameter for setting thermal conductiv-
ity is the impurity parameter, defined as:

Z2
imp = Qimp = n!1

ion

!
i

ni(Zi " #Z$)2 (1)

As its value is unknown, it provides an uncertain in
the thermal conductivity. Large values of this parameter

2 http://www.io!e.rssi.ru/astro/conduct/condmag.html
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(Qimp ! 100) indicate that the crust would have an amor-
phous structure (liquid state) and a low thermal conduc-
tivity. Recent molecular dynamic calculations predict a reg-
ular crystal structure with a low value of Qimp of the or-
der of unity (Horowitz et al. 2007, 2009). BC09 estimated
the value of Qimp by fitting the observational data of the
sources KS 1731"260 and MXB1659"29 and found also
that Qimp ! 1.

Another important property for determining the cool-
ing curves is the specific heat. In normal non-superfluid NS
matter, the biggest contribution comes from the nucleons
in the core. One important feature of the nucleons specific
heat is that it is suppressed by nucleon pairing in the in-
ner crust and core. Thus, neutrons contributions in the in-
ner crust are suppressed with a factor Rcv, which depends
on the pairing gap (where the pairing state is n1S0 in the
crust) (Levenfish & Yakovlev 1994). The specific heat con-
tributions also depend (strongly) on the temperature and
(less strongly) on the density: it is dominated by the ion
lattice at low density and by free neutrons and electrons at
high density. The specific heat increases as the temperature
does and the suppression of neutrons contribution becomes
lower.

We also include all relevant neutrino emission processes
that influence the cooling of the crust (see Table 3 in
Aguilera et al. (2008) for a list.) At high temperatures
(T # 109 K) the dominant process is the plasmon decay,
at intermediate values (T # 5 $ 108 K) plasmon decay
is only dominant in the outer crust, while electron-nuclei
Bremsstrahlung becomes more e!cient in a large part of
the crust volume (Yakovlev et al. 2001). We also include
the Cooper Pair Breaking an Formation (CPBF) process
which is dominant in a narrow region of the inner crust.

4. Thermal evolution

Once we have defined models for the NS structure and mi-
crophysics, we obtain the thermal evolution of the NS by
solving the di"usion equation taking into account all energy
gains and losses:

cv
!T

!t
= "% · F +Q! +Qṁ, (2)

where cv is the specific heat per unit volume, Q! denotes
the energy loss by neutrino emissions and Qṁ considers
energy gains as a consequence of the accretion of matter.
Specifically, as we mentioned in Sec. 3.1, the deep crustal
heating considers that there are heat sources located in the
inner crust3 due to the occurrence of pycnonuclear reac-
tions and electron captures. The heat flux F is given by
the following expression:

F = k̂.%(T ) (3)

where k̂ is the total conductivity tensor, which in absence
of anisotropy (e.g. induced by the presence of a strong mag-
netic field) becomes a scalar that includes contributions of
electron, neutron, protons and phonons:

k = ke + kn + kp + kph (4)

3 In Sec. 9.2 we will also explore the presence of additional
heat sources in the outer crust and the impact on the cooling of
the NS.

The electronic term is dominant in the crust, while radiative
transport is the most important process in the envelope,
close to the surface.

For solving the crustal cooling we integrate the tem-
perature of the region that extends from the crust-core in-
terface ("cc = 1.3 $ 1014g cm!3) down to the base of the
envelope (crust-envelope interface at "b = 5.6$108g cm!3).
To obtain cooling curves for the quiescent emission we solve
the di"ussion Eq. 2 in which we set Qṁ = 0 since we as-
sume that all processes related with accretion have ceased.
For that purpose we present next the initial thermal profile
from which the cooling proceeds as well as the the outer
and inner boundary conditions necessary to integrate the
di"usion equation along the NS crust.

4.1. The heating of the crust during outburst: generating the
initial thermal profile

To simulate the accretion phase, we solve Eq. 2 in which
the term Qṁ considers all sources that release heat in the
crust during outburst,

Qṁ = ṁ

! "

"s

q(")d" = ṁ
"
j

q("j) (5)

where q(") is heat sources distribution, i.e. the heat per
nucleon released as a function of the density (as in HZ08,
Sec. 3.2) and ṁ is the local accretion rate (mass accreted
per unit time per unit area).

The integration in Eq. 2 is performed until the tempo-
ral variable equals the duration of the outburst, tacc. At
this time, the NS crust has reached a thermal profile that
depends on q("), ṁ, tacc, and the NS crust relevant micro-
physics. Then, the quiescent phase begins and the NS crust
starts to cool down from this initial thermal profile that is
actually the one obtained at the end of the outburst.

4.2. Inner boundary: the core

Once the NS has cooled down, the equilibrium tempera-
ture of the system is set by the core temperature, Tc, which
depends mainly on the long-term averaged accretion time
and the neutrino emission mechanism involved. We assume
that the recurrence time, i.e. the time between two accre-
tion events, is small compared to the relaxation time of the
core (! 103 yr) and the source has gone through several
accretion-quiescence cycles so the core has reached ther-
mal equilibrium and its temperature remains roughly con-
stant. Thus, as an inner boundary condition, we fix Tc to
a constant value being this a free parameter to fit the ob-
servations. If the NS has reached the thermal equilibrium
with the core, Tc will be determined by last observations
which indicate a constancy in temperature. Otherwise, if
the source is still cooling to constraint its value would be
more challenging.

We have checked that assuming a constant Tc is a good
approximation for quasi-persistent sources unless the ac-
cretion last for much longer than ! 10 yrs. If this is the
case, then the core could be heated up by an inward flux
generated due to the strong heat deposition over the ex-
tended period (e.g. for EXO0748"676 if tacc ! 100 yrs; see
discussion in App. C).
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Fig. 2. Accreted crust composition (stars, circles) for 56Fe burn-
ing ashes (HZ08) in comparison to the non-accreted crust (solid
lines) (Douchin & Haensel 2001).

Throughout this work, we consider the gap calculated by
Schwenk et al. (2003) unless we state otherwise.

3.2. Crust composition and crustal heat sources

Accordingly to theoretical models, as the matter is accreted
it compresses the material and induces nuclear reactions
in the envelope and crust, which modify their composition
respect to the non-accreted state. Main processes are:

– thermonuclear reactions due to light elements (H, He)
burning in the envelope,

– electron captures in the outer crust, and
– neutron emissions and pycnonuclear reactions in the in-

ner crust.

In this section we describe crust properties and we will
focus on the envelope ones in Sec. 5.

The crust of an accreting NS can be entirely replaced after
an accretion period of several years, thus, its composition
can be significantly di!erent from that of an isolated NS,
as we can see in Fig. 2 (HZ08, BC09). We plot in this
figure the mass number A (circles) and the nuclear charge
Z (stars) as a function of the density along the NS crust
assuming that initial ashes are 56Fe; solid lines denote the
non accreted composition.

In the outer crust electron captures occurs in two
steps. First, in a quasi equilibrium way and releasing
a negligible amount of energy, the capture leads to an
odd-odd nucleus (both Z and A are odd) which is strongly
unstable in dense medium. Then, the unstable nucleus
captures another electron in a non equilibrium way, this
time releasing enough energy to heat the matter. This
mechanism translates into a systematic decreasing of Z in
Fig. 2, while A remains constant for densities lower than
!ND (see Sec. 2.1 of HZ08 for details).

In the inner crust, at densities above !ND, there are
neutron emissions in addition to electron captures which
makes A to decrease. This happens until high enough den-
sities at which the Coulomb barrier gets lower; at this point
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Fig. 3. Released energy per nucleon by electron captures,
neutron emissions and pycnonuclear reactions for 56Fe ashes
(HZ08). The colored band shows the location of additional
sources considered in section 9.2.

the mean distance between nucleus diminishes and quan-
tum zero-point vibrations increase leading to pycnonuclear
reactions which results in jumps in A. In Fig. 2 we can ob-
serve that the composition changes abruptly with depth,
the jumps correspond to the location of thresholds for py-
cnonuclear reactions.

Finally, Fig. 3 shows heat sources calculated by HZ08
assuming 56Fe initial ashes composition. We can see that
the biggest amount of energy is released in the inner crust
by the pycnonuclear reactions; the total heat per nucleon
released in the outer crust is 0.2 MeV.nuc!1 in contrast
to 1.7 MeV.nuc!1 deposited in the inner crust. Additional
heat sources in the outer crust will be considered when
analyzing the observational data in Sec. 9.2.

The heat deposited in the outer crust by sources of much
less intensity (! 100 keV nucl!1) than the corresponding
pynonuclear in the inner crust has a comparative larger
e!ect on the NS cooling evolution. Shallow heat influences
directly increasing the surface temperature and resulting in
a slower cooling, specially at early times, as we will show
later in this work.

3.3. Transport properties and neutrino emission

The processes that dominate the crust thermal conductivity
depend (strongly) on the temperature and on the density.
While electron-phonon scattering dominates at low densi-
ties in the outer crust, electron-impurity scattering is the
most important process at higher densities in the inner
crust. To calculate these processes, we used the public code
of Potekhin2.

An important parameter for setting thermal conductiv-
ity is the impurity parameter, defined as:

Z2
imp = Qimp = n!1

ion

!
i

ni(Zi " #Z$)2 (1)

As its value is unknown, it provides an uncertain in
the thermal conductivity. Large values of this parameter

2 http://www.io!e.rssi.ru/astro/conduct/condmag.html
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(Qimp ! 100) indicate that the crust would have an amor-
phous structure (liquid state) and a low thermal conduc-
tivity. Recent molecular dynamic calculations predict a reg-
ular crystal structure with a low value of Qimp of the or-
der of unity (Horowitz et al. 2007, 2009). BC09 estimated
the value of Qimp by fitting the observational data of the
sources KS 1731"260 and MXB1659"29 and found also
that Qimp ! 1.

Another important property for determining the cool-
ing curves is the specific heat. In normal non-superfluid NS
matter, the biggest contribution comes from the nucleons
in the core. One important feature of the nucleons specific
heat is that it is suppressed by nucleon pairing in the in-
ner crust and core. Thus, neutrons contributions in the in-
ner crust are suppressed with a factor Rcv, which depends
on the pairing gap (where the pairing state is n1S0 in the
crust) (Levenfish & Yakovlev 1994). The specific heat con-
tributions also depend (strongly) on the temperature and
(less strongly) on the density: it is dominated by the ion
lattice at low density and by free neutrons and electrons at
high density. The specific heat increases as the temperature
does and the suppression of neutrons contribution becomes
lower.

We also include all relevant neutrino emission processes
that influence the cooling of the crust (see Table 3 in
Aguilera et al. (2008) for a list.) At high temperatures
(T # 109 K) the dominant process is the plasmon decay,
at intermediate values (T # 5 $ 108 K) plasmon decay
is only dominant in the outer crust, while electron-nuclei
Bremsstrahlung becomes more e!cient in a large part of
the crust volume (Yakovlev et al. 2001). We also include
the Cooper Pair Breaking an Formation (CPBF) process
which is dominant in a narrow region of the inner crust.

4. Thermal evolution

Once we have defined models for the NS structure and mi-
crophysics, we obtain the thermal evolution of the NS by
solving the di"usion equation taking into account all energy
gains and losses:

cv
!T

!t
= "% · F +Q! +Qṁ, (2)

where cv is the specific heat per unit volume, Q! denotes
the energy loss by neutrino emissions and Qṁ considers
energy gains as a consequence of the accretion of matter.
Specifically, as we mentioned in Sec. 3.1, the deep crustal
heating considers that there are heat sources located in the
inner crust3 due to the occurrence of pycnonuclear reac-
tions and electron captures. The heat flux F is given by
the following expression:

F = k̂.%(T ) (3)

where k̂ is the total conductivity tensor, which in absence
of anisotropy (e.g. induced by the presence of a strong mag-
netic field) becomes a scalar that includes contributions of
electron, neutron, protons and phonons:

k = ke + kn + kp + kph (4)

3 In Sec. 9.2 we will also explore the presence of additional
heat sources in the outer crust and the impact on the cooling of
the NS.

The electronic term is dominant in the crust, while radiative
transport is the most important process in the envelope,
close to the surface.

For solving the crustal cooling we integrate the tem-
perature of the region that extends from the crust-core in-
terface ("cc = 1.3 $ 1014g cm!3) down to the base of the
envelope (crust-envelope interface at "b = 5.6$108g cm!3).
To obtain cooling curves for the quiescent emission we solve
the di"ussion Eq. 2 in which we set Qṁ = 0 since we as-
sume that all processes related with accretion have ceased.
For that purpose we present next the initial thermal profile
from which the cooling proceeds as well as the the outer
and inner boundary conditions necessary to integrate the
di"usion equation along the NS crust.

4.1. The heating of the crust during outburst: generating the
initial thermal profile

To simulate the accretion phase, we solve Eq. 2 in which
the term Qṁ considers all sources that release heat in the
crust during outburst,

Qṁ = ṁ

! "

"s

q(")d" = ṁ
"
j

q("j) (5)

where q(") is heat sources distribution, i.e. the heat per
nucleon released as a function of the density (as in HZ08,
Sec. 3.2) and ṁ is the local accretion rate (mass accreted
per unit time per unit area).

The integration in Eq. 2 is performed until the tempo-
ral variable equals the duration of the outburst, tacc. At
this time, the NS crust has reached a thermal profile that
depends on q("), ṁ, tacc, and the NS crust relevant micro-
physics. Then, the quiescent phase begins and the NS crust
starts to cool down from this initial thermal profile that is
actually the one obtained at the end of the outburst.

4.2. Inner boundary: the core

Once the NS has cooled down, the equilibrium tempera-
ture of the system is set by the core temperature, Tc, which
depends mainly on the long-term averaged accretion time
and the neutrino emission mechanism involved. We assume
that the recurrence time, i.e. the time between two accre-
tion events, is small compared to the relaxation time of the
core (! 103 yr) and the source has gone through several
accretion-quiescence cycles so the core has reached ther-
mal equilibrium and its temperature remains roughly con-
stant. Thus, as an inner boundary condition, we fix Tc to
a constant value being this a free parameter to fit the ob-
servations. If the NS has reached the thermal equilibrium
with the core, Tc will be determined by last observations
which indicate a constancy in temperature. Otherwise, if
the source is still cooling to constraint its value would be
more challenging.

We have checked that assuming a constant Tc is a good
approximation for quasi-persistent sources unless the ac-
cretion last for much longer than ! 10 yrs. If this is the
case, then the core could be heated up by an inward flux
generated due to the strong heat deposition over the ex-
tended period (e.g. for EXO0748"676 if tacc ! 100 yrs; see
discussion in App. C).
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(Qimp ! 100) indicate that the crust would have an amor-
phous structure (liquid state) and a low thermal conduc-
tivity. Recent molecular dynamic calculations predict a reg-
ular crystal structure with a low value of Qimp of the or-
der of unity (Horowitz et al. 2007, 2009). BC09 estimated
the value of Qimp by fitting the observational data of the
sources KS 1731"260 and MXB1659"29 and found also
that Qimp ! 1.

Another important property for determining the cool-
ing curves is the specific heat. In normal non-superfluid NS
matter, the biggest contribution comes from the nucleons
in the core. One important feature of the nucleons specific
heat is that it is suppressed by nucleon pairing in the in-
ner crust and core. Thus, neutrons contributions in the in-
ner crust are suppressed with a factor Rcv, which depends
on the pairing gap (where the pairing state is n1S0 in the
crust) (Levenfish & Yakovlev 1994). The specific heat con-
tributions also depend (strongly) on the temperature and
(less strongly) on the density: it is dominated by the ion
lattice at low density and by free neutrons and electrons at
high density. The specific heat increases as the temperature
does and the suppression of neutrons contribution becomes
lower.

We also include all relevant neutrino emission processes
that influence the cooling of the crust (see Table 3 in
Aguilera et al. (2008) for a list.) At high temperatures
(T # 109 K) the dominant process is the plasmon decay,
at intermediate values (T # 5 $ 108 K) plasmon decay
is only dominant in the outer crust, while electron-nuclei
Bremsstrahlung becomes more e!cient in a large part of
the crust volume (Yakovlev et al. 2001). We also include
the Cooper Pair Breaking an Formation (CPBF) process
which is dominant in a narrow region of the inner crust.

4. Thermal evolution

Once we have defined models for the NS structure and mi-
crophysics, we obtain the thermal evolution of the NS by
solving the di"usion equation taking into account all energy
gains and losses:

cv
!T

!t
= "% · F +Q! +Qṁ, (2)

where cv is the specific heat per unit volume, Q! denotes
the energy loss by neutrino emissions and Qṁ considers
energy gains as a consequence of the accretion of matter.
Specifically, as we mentioned in Sec. 3.1, the deep crustal
heating considers that there are heat sources located in the
inner crust3 due to the occurrence of pycnonuclear reac-
tions and electron captures. The heat flux F is given by
the following expression:

F = k̂.%(T ) (3)

where k̂ is the total conductivity tensor, which in absence
of anisotropy (e.g. induced by the presence of a strong mag-
netic field) becomes a scalar that includes contributions of
electron, neutron, protons and phonons:

k = ke + kn + kp + kph (4)

3 In Sec. 9.2 we will also explore the presence of additional
heat sources in the outer crust and the impact on the cooling of
the NS.

The electronic term is dominant in the crust, while radiative
transport is the most important process in the envelope,
close to the surface.

For solving the crustal cooling we integrate the tem-
perature of the region that extends from the crust-core in-
terface ("cc = 1.3 $ 1014g cm!3) down to the base of the
envelope (crust-envelope interface at "b = 5.6$108g cm!3).
To obtain cooling curves for the quiescent emission we solve
the di"ussion Eq. 2 in which we set Qṁ = 0 since we as-
sume that all processes related with accretion have ceased.
For that purpose we present next the initial thermal profile
from which the cooling proceeds as well as the the outer
and inner boundary conditions necessary to integrate the
di"usion equation along the NS crust.

4.1. The heating of the crust during outburst: generating the
initial thermal profile

To simulate the accretion phase, we solve Eq. 2 in which
the term Qṁ considers all sources that release heat in the
crust during outburst,

Qṁ = ṁ
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q(")d" = ṁ
"
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q("j) (5)

where q(") is heat sources distribution, i.e. the heat per
nucleon released as a function of the density (as in HZ08,
Sec. 3.2) and ṁ is the local accretion rate (mass accreted
per unit time per unit area).

The integration in Eq. 2 is performed until the tempo-
ral variable equals the duration of the outburst, tacc. At
this time, the NS crust has reached a thermal profile that
depends on q("), ṁ, tacc, and the NS crust relevant micro-
physics. Then, the quiescent phase begins and the NS crust
starts to cool down from this initial thermal profile that is
actually the one obtained at the end of the outburst.

4.2. Inner boundary: the core

Once the NS has cooled down, the equilibrium tempera-
ture of the system is set by the core temperature, Tc, which
depends mainly on the long-term averaged accretion time
and the neutrino emission mechanism involved. We assume
that the recurrence time, i.e. the time between two accre-
tion events, is small compared to the relaxation time of the
core (! 103 yr) and the source has gone through several
accretion-quiescence cycles so the core has reached ther-
mal equilibrium and its temperature remains roughly con-
stant. Thus, as an inner boundary condition, we fix Tc to
a constant value being this a free parameter to fit the ob-
servations. If the NS has reached the thermal equilibrium
with the core, Tc will be determined by last observations
which indicate a constancy in temperature. Otherwise, if
the source is still cooling to constraint its value would be
more challenging.

We have checked that assuming a constant Tc is a good
approximation for quasi-persistent sources unless the ac-
cretion last for much longer than ! 10 yrs. If this is the
case, then the core could be heated up by an inward flux
generated due to the strong heat deposition over the ex-
tended period (e.g. for EXO0748"676 if tacc ! 100 yrs; see
discussion in App. C).
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Fig. 2. Accreted crust composition (stars, circles) for 56Fe burn-
ing ashes (HZ08) in comparison to the non-accreted crust (solid
lines) (Douchin & Haensel 2001).

Throughout this work, we consider the gap calculated by
Schwenk et al. (2003) unless we state otherwise.

3.2. Crust composition and crustal heat sources

Accordingly to theoretical models, as the matter is accreted
it compresses the material and induces nuclear reactions
in the envelope and crust, which modify their composition
respect to the non-accreted state. Main processes are:

– thermonuclear reactions due to light elements (H, He)
burning in the envelope,

– electron captures in the outer crust, and
– neutron emissions and pycnonuclear reactions in the in-

ner crust.

In this section we describe crust properties and we will
focus on the envelope ones in Sec. 5.

The crust of an accreting NS can be entirely replaced after
an accretion period of several years, thus, its composition
can be significantly di!erent from that of an isolated NS,
as we can see in Fig. 2 (HZ08, BC09). We plot in this
figure the mass number A (circles) and the nuclear charge
Z (stars) as a function of the density along the NS crust
assuming that initial ashes are 56Fe; solid lines denote the
non accreted composition.

In the outer crust electron captures occurs in two
steps. First, in a quasi equilibrium way and releasing
a negligible amount of energy, the capture leads to an
odd-odd nucleus (both Z and A are odd) which is strongly
unstable in dense medium. Then, the unstable nucleus
captures another electron in a non equilibrium way, this
time releasing enough energy to heat the matter. This
mechanism translates into a systematic decreasing of Z in
Fig. 2, while A remains constant for densities lower than
!ND (see Sec. 2.1 of HZ08 for details).

In the inner crust, at densities above !ND, there are
neutron emissions in addition to electron captures which
makes A to decrease. This happens until high enough den-
sities at which the Coulomb barrier gets lower; at this point

109 1010 1011 1012 1013 1014

! (g cm-3)

100

200

300

400

500

600

q 
nu

c-1
 (k

eV
)

Additional sources

e captures

Pycnonuclear reactions

neutron emissions
+

Fig. 3. Released energy per nucleon by electron captures,
neutron emissions and pycnonuclear reactions for 56Fe ashes
(HZ08). The colored band shows the location of additional
sources considered in section 9.2.

the mean distance between nucleus diminishes and quan-
tum zero-point vibrations increase leading to pycnonuclear
reactions which results in jumps in A. In Fig. 2 we can ob-
serve that the composition changes abruptly with depth,
the jumps correspond to the location of thresholds for py-
cnonuclear reactions.

Finally, Fig. 3 shows heat sources calculated by HZ08
assuming 56Fe initial ashes composition. We can see that
the biggest amount of energy is released in the inner crust
by the pycnonuclear reactions; the total heat per nucleon
released in the outer crust is 0.2 MeV.nuc!1 in contrast
to 1.7 MeV.nuc!1 deposited in the inner crust. Additional
heat sources in the outer crust will be considered when
analyzing the observational data in Sec. 9.2.

The heat deposited in the outer crust by sources of much
less intensity (! 100 keV nucl!1) than the corresponding
pynonuclear in the inner crust has a comparative larger
e!ect on the NS cooling evolution. Shallow heat influences
directly increasing the surface temperature and resulting in
a slower cooling, specially at early times, as we will show
later in this work.

3.3. Transport properties and neutrino emission

The processes that dominate the crust thermal conductivity
depend (strongly) on the temperature and on the density.
While electron-phonon scattering dominates at low densi-
ties in the outer crust, electron-impurity scattering is the
most important process at higher densities in the inner
crust. To calculate these processes, we used the public code
of Potekhin2.

An important parameter for setting thermal conductiv-
ity is the impurity parameter, defined as:

Z2
imp = Qimp = n!1

ion

!
i

ni(Zi " #Z$)2 (1)

As its value is unknown, it provides an uncertain in
the thermal conductivity. Large values of this parameter

2 http://www.io!e.rssi.ru/astro/conduct/condmag.html
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(Qimp ! 100) indicate that the crust would have an amor-
phous structure (liquid state) and a low thermal conduc-
tivity. Recent molecular dynamic calculations predict a reg-
ular crystal structure with a low value of Qimp of the or-
der of unity (Horowitz et al. 2007, 2009). BC09 estimated
the value of Qimp by fitting the observational data of the
sources KS 1731"260 and MXB1659"29 and found also
that Qimp ! 1.

Another important property for determining the cool-
ing curves is the specific heat. In normal non-superfluid NS
matter, the biggest contribution comes from the nucleons
in the core. One important feature of the nucleons specific
heat is that it is suppressed by nucleon pairing in the in-
ner crust and core. Thus, neutrons contributions in the in-
ner crust are suppressed with a factor Rcv, which depends
on the pairing gap (where the pairing state is n1S0 in the
crust) (Levenfish & Yakovlev 1994). The specific heat con-
tributions also depend (strongly) on the temperature and
(less strongly) on the density: it is dominated by the ion
lattice at low density and by free neutrons and electrons at
high density. The specific heat increases as the temperature
does and the suppression of neutrons contribution becomes
lower.

We also include all relevant neutrino emission processes
that influence the cooling of the crust (see Table 3 in
Aguilera et al. (2008) for a list.) At high temperatures
(T # 109 K) the dominant process is the plasmon decay,
at intermediate values (T # 5 $ 108 K) plasmon decay
is only dominant in the outer crust, while electron-nuclei
Bremsstrahlung becomes more e!cient in a large part of
the crust volume (Yakovlev et al. 2001). We also include
the Cooper Pair Breaking an Formation (CPBF) process
which is dominant in a narrow region of the inner crust.

4. Thermal evolution

Once we have defined models for the NS structure and mi-
crophysics, we obtain the thermal evolution of the NS by
solving the di"usion equation taking into account all energy
gains and losses:

cv
!T

!t
= "% · F +Q! +Qṁ, (2)

where cv is the specific heat per unit volume, Q! denotes
the energy loss by neutrino emissions and Qṁ considers
energy gains as a consequence of the accretion of matter.
Specifically, as we mentioned in Sec. 3.1, the deep crustal
heating considers that there are heat sources located in the
inner crust3 due to the occurrence of pycnonuclear reac-
tions and electron captures. The heat flux F is given by
the following expression:

F = k̂.%(T ) (3)

where k̂ is the total conductivity tensor, which in absence
of anisotropy (e.g. induced by the presence of a strong mag-
netic field) becomes a scalar that includes contributions of
electron, neutron, protons and phonons:

k = ke + kn + kp + kph (4)

3 In Sec. 9.2 we will also explore the presence of additional
heat sources in the outer crust and the impact on the cooling of
the NS.

The electronic term is dominant in the crust, while radiative
transport is the most important process in the envelope,
close to the surface.

For solving the crustal cooling we integrate the tem-
perature of the region that extends from the crust-core in-
terface ("cc = 1.3 $ 1014g cm!3) down to the base of the
envelope (crust-envelope interface at "b = 5.6$108g cm!3).
To obtain cooling curves for the quiescent emission we solve
the di"ussion Eq. 2 in which we set Qṁ = 0 since we as-
sume that all processes related with accretion have ceased.
For that purpose we present next the initial thermal profile
from which the cooling proceeds as well as the the outer
and inner boundary conditions necessary to integrate the
di"usion equation along the NS crust.

4.1. The heating of the crust during outburst: generating the
initial thermal profile

To simulate the accretion phase, we solve Eq. 2 in which
the term Qṁ considers all sources that release heat in the
crust during outburst,

Qṁ = ṁ

! "

"s

q(")d" = ṁ
"
j

q("j) (5)

where q(") is heat sources distribution, i.e. the heat per
nucleon released as a function of the density (as in HZ08,
Sec. 3.2) and ṁ is the local accretion rate (mass accreted
per unit time per unit area).

The integration in Eq. 2 is performed until the tempo-
ral variable equals the duration of the outburst, tacc. At
this time, the NS crust has reached a thermal profile that
depends on q("), ṁ, tacc, and the NS crust relevant micro-
physics. Then, the quiescent phase begins and the NS crust
starts to cool down from this initial thermal profile that is
actually the one obtained at the end of the outburst.

4.2. Inner boundary: the core

Once the NS has cooled down, the equilibrium tempera-
ture of the system is set by the core temperature, Tc, which
depends mainly on the long-term averaged accretion time
and the neutrino emission mechanism involved. We assume
that the recurrence time, i.e. the time between two accre-
tion events, is small compared to the relaxation time of the
core (! 103 yr) and the source has gone through several
accretion-quiescence cycles so the core has reached ther-
mal equilibrium and its temperature remains roughly con-
stant. Thus, as an inner boundary condition, we fix Tc to
a constant value being this a free parameter to fit the ob-
servations. If the NS has reached the thermal equilibrium
with the core, Tc will be determined by last observations
which indicate a constancy in temperature. Otherwise, if
the source is still cooling to constraint its value would be
more challenging.

We have checked that assuming a constant Tc is a good
approximation for quasi-persistent sources unless the ac-
cretion last for much longer than ! 10 yrs. If this is the
case, then the core could be heated up by an inward flux
generated due to the strong heat deposition over the ex-
tended period (e.g. for EXO0748"676 if tacc ! 100 yrs; see
discussion in App. C).
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(Qimp ! 100) indicate that the crust would have an amor-
phous structure (liquid state) and a low thermal conduc-
tivity. Recent molecular dynamic calculations predict a reg-
ular crystal structure with a low value of Qimp of the or-
der of unity (Horowitz et al. 2007, 2009). BC09 estimated
the value of Qimp by fitting the observational data of the
sources KS 1731"260 and MXB1659"29 and found also
that Qimp ! 1.

Another important property for determining the cool-
ing curves is the specific heat. In normal non-superfluid NS
matter, the biggest contribution comes from the nucleons
in the core. One important feature of the nucleons specific
heat is that it is suppressed by nucleon pairing in the in-
ner crust and core. Thus, neutrons contributions in the in-
ner crust are suppressed with a factor Rcv, which depends
on the pairing gap (where the pairing state is n1S0 in the
crust) (Levenfish & Yakovlev 1994). The specific heat con-
tributions also depend (strongly) on the temperature and
(less strongly) on the density: it is dominated by the ion
lattice at low density and by free neutrons and electrons at
high density. The specific heat increases as the temperature
does and the suppression of neutrons contribution becomes
lower.

We also include all relevant neutrino emission processes
that influence the cooling of the crust (see Table 3 in
Aguilera et al. (2008) for a list.) At high temperatures
(T # 109 K) the dominant process is the plasmon decay,
at intermediate values (T # 5 $ 108 K) plasmon decay
is only dominant in the outer crust, while electron-nuclei
Bremsstrahlung becomes more e!cient in a large part of
the crust volume (Yakovlev et al. 2001). We also include
the Cooper Pair Breaking an Formation (CPBF) process
which is dominant in a narrow region of the inner crust.

4. Thermal evolution

Once we have defined models for the NS structure and mi-
crophysics, we obtain the thermal evolution of the NS by
solving the di"usion equation taking into account all energy
gains and losses:

cv
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= "% · F +Q! +Qṁ, (2)

where cv is the specific heat per unit volume, Q! denotes
the energy loss by neutrino emissions and Qṁ considers
energy gains as a consequence of the accretion of matter.
Specifically, as we mentioned in Sec. 3.1, the deep crustal
heating considers that there are heat sources located in the
inner crust3 due to the occurrence of pycnonuclear reac-
tions and electron captures. The heat flux F is given by
the following expression:

F = k̂.%(T ) (3)

where k̂ is the total conductivity tensor, which in absence
of anisotropy (e.g. induced by the presence of a strong mag-
netic field) becomes a scalar that includes contributions of
electron, neutron, protons and phonons:

k = ke + kn + kp + kph (4)

3 In Sec. 9.2 we will also explore the presence of additional
heat sources in the outer crust and the impact on the cooling of
the NS.

The electronic term is dominant in the crust, while radiative
transport is the most important process in the envelope,
close to the surface.

For solving the crustal cooling we integrate the tem-
perature of the region that extends from the crust-core in-
terface ("cc = 1.3 $ 1014g cm!3) down to the base of the
envelope (crust-envelope interface at "b = 5.6$108g cm!3).
To obtain cooling curves for the quiescent emission we solve
the di"ussion Eq. 2 in which we set Qṁ = 0 since we as-
sume that all processes related with accretion have ceased.
For that purpose we present next the initial thermal profile
from which the cooling proceeds as well as the the outer
and inner boundary conditions necessary to integrate the
di"usion equation along the NS crust.

4.1. The heating of the crust during outburst: generating the
initial thermal profile

To simulate the accretion phase, we solve Eq. 2 in which
the term Qṁ considers all sources that release heat in the
crust during outburst,

Qṁ = ṁ
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q(")d" = ṁ
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q("j) (5)

where q(") is heat sources distribution, i.e. the heat per
nucleon released as a function of the density (as in HZ08,
Sec. 3.2) and ṁ is the local accretion rate (mass accreted
per unit time per unit area).

The integration in Eq. 2 is performed until the tempo-
ral variable equals the duration of the outburst, tacc. At
this time, the NS crust has reached a thermal profile that
depends on q("), ṁ, tacc, and the NS crust relevant micro-
physics. Then, the quiescent phase begins and the NS crust
starts to cool down from this initial thermal profile that is
actually the one obtained at the end of the outburst.

4.2. Inner boundary: the core

Once the NS has cooled down, the equilibrium tempera-
ture of the system is set by the core temperature, Tc, which
depends mainly on the long-term averaged accretion time
and the neutrino emission mechanism involved. We assume
that the recurrence time, i.e. the time between two accre-
tion events, is small compared to the relaxation time of the
core (! 103 yr) and the source has gone through several
accretion-quiescence cycles so the core has reached ther-
mal equilibrium and its temperature remains roughly con-
stant. Thus, as an inner boundary condition, we fix Tc to
a constant value being this a free parameter to fit the ob-
servations. If the NS has reached the thermal equilibrium
with the core, Tc will be determined by last observations
which indicate a constancy in temperature. Otherwise, if
the source is still cooling to constraint its value would be
more challenging.

We have checked that assuming a constant Tc is a good
approximation for quasi-persistent sources unless the ac-
cretion last for much longer than ! 10 yrs. If this is the
case, then the core could be heated up by an inward flux
generated due to the strong heat deposition over the ex-
tended period (e.g. for EXO0748"676 if tacc ! 100 yrs; see
discussion in App. C).
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(c) Cooling curves

Fig. 8. Thermal evolution considering a fixed T out
b (solid lines)

or a free T out
b (dashed lines) during outburst as the outer BC.

to the evolution of Tb in quiescence for t ! t0 and T out
b for

its evolution during outburst, for t " t0.
At first instance we consider the case in which the tem-

perature at the base of the envelope during outburst is fixed
to T out

b,8 (t " t0) # 1 (Fig. 8, solid lines) while at the inner

boundary the core temperature is kept fixed to Tc,8 # 0.1,
both values chosen to fit the early and the last data, respec-
tively6. First to note is that the initial thermal profile suit-
able to explain the data (brown ellipses in Fig. 8c) has an in-
verted temperature gradient and hence an inward-directed
heat flux as explained in detail in BC09. This profile has
a rather high temperature reached during outburst at the
crust-envelope interface and a pronounced decay across the
outer crust; it is then followed by a moderate temperature
drop through the inner crust until Tc is reached. As stated
in BC09, the (a priori arbitrary) value of T 0

b is crucial to
explain the early decay, and to ilustrate this point we plot
the case when T out

b,8 (t " t0) is not held fixed, but instead,
it evolves freely (dashed curves) controlled only by deep
crustal heating (HZ08). As we can see from Fig. 8c and we
will discuss in the next subsection, such curves fail to ex-
plain the observed early cooling; an additional heat source
is necessary to enhance T 0

b whose origin is still uncertain.
Cooling curves can be understood from the initial ther-

mal profile in the following way: being the cooling time
(evolution time since the end of the outburst) related with
depth (see Eqs. 7-9 in BC09), at a given time, outer layers
cool down up to the depth in which the thermal timescale
associated to that depth equals this cooling time. Deeper
beyond that depth, the crust has not relaxed yet and ex-
hibits the initial thermal profile. Thus, to each depth (or
density) corresponds an evolutionary time and in this way
each region is a ”window” to a di!erent crustal cooling pe-
riod as described next.

The early cooling (first # 300 days) is controlled by the
physics of the outer crust. Here, the slope of the cooling
curve (see Eqs. 10-11 of BC09), is related to the thermal
profile gradient, which depends strongly on Ṁ and on tacc.
The intermediate cooling corresponds to the inner crust
thermal relaxation, (approx. # 300–1000 days) and is deter-
mined by the conduction of heat into the core. The thermal
conductivity is dominated by impurity-electrons scattering
(see Fig. E.1). The higher the impurity content, the lower
the thermal conductivity and the more delayed the cooling.
After # 400 days the suppression of the neutrons specific
heat by nucleon pairing is evidenced by the temperature
fall. Thus, the cooling curve shape is similar to a broken
power law with the second slope mostly controlled by the
pairing gap; a big energy gap suppresses the specific heat
more e"ciently causing an steeper fall. The tail reflects the
core thermal state (at t ! 1000 yrs) which temperature re-
mains constant unless the accretion has been lasted for long
enough and/or the recurrence time has been short enough
(see App. C).

6.2. Additional heat coming from the envelope or from
shallow sources in the outer crust?

To show how critical is the value of T 0
b to explain the early

decay, BC09 explored what happens if T out
b (t " t0) evolves

freely. They found it cannot reach values of 108 K only
by means of deep crustal heating (HZ08 sources) and esti-
mated the flux needed in $ 0.8 MeV nuc!1 for Ṁ18 = 0.1,
well above the one released by electron captures (Gupta
et al. (2007) and HZ08). Moreover, such a flux should em-
anate from a depth at which the thermal time is lower than

6 In Fig. 8 we set T out
b,8 = 4.1, Tc,8 = 0.29, Ṁ18 = 0.1, Qimp = 4

and M = 1.6 M!, similar to those used in BC09, see App. B
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(c) Cooling curves

Fig. 8. Thermal evolution considering a fixed T out
b (solid lines)

or a free T out
b (dashed lines) during outburst as the outer BC.

to the evolution of Tb in quiescence for t ! t0 and T out
b for

its evolution during outburst, for t " t0.
At first instance we consider the case in which the tem-

perature at the base of the envelope during outburst is fixed
to T out

b,8 (t " t0) # 1 (Fig. 8, solid lines) while at the inner

boundary the core temperature is kept fixed to Tc,8 # 0.1,
both values chosen to fit the early and the last data, respec-
tively6. First to note is that the initial thermal profile suit-
able to explain the data (brown ellipses in Fig. 8c) has an in-
verted temperature gradient and hence an inward-directed
heat flux as explained in detail in BC09. This profile has
a rather high temperature reached during outburst at the
crust-envelope interface and a pronounced decay across the
outer crust; it is then followed by a moderate temperature
drop through the inner crust until Tc is reached. As stated
in BC09, the (a priori arbitrary) value of T 0

b is crucial to
explain the early decay, and to ilustrate this point we plot
the case when T out

b,8 (t " t0) is not held fixed, but instead,
it evolves freely (dashed curves) controlled only by deep
crustal heating (HZ08). As we can see from Fig. 8c and we
will discuss in the next subsection, such curves fail to ex-
plain the observed early cooling; an additional heat source
is necessary to enhance T 0

b whose origin is still uncertain.
Cooling curves can be understood from the initial ther-

mal profile in the following way: being the cooling time
(evolution time since the end of the outburst) related with
depth (see Eqs. 7-9 in BC09), at a given time, outer layers
cool down up to the depth in which the thermal timescale
associated to that depth equals this cooling time. Deeper
beyond that depth, the crust has not relaxed yet and ex-
hibits the initial thermal profile. Thus, to each depth (or
density) corresponds an evolutionary time and in this way
each region is a ”window” to a di!erent crustal cooling pe-
riod as described next.

The early cooling (first # 300 days) is controlled by the
physics of the outer crust. Here, the slope of the cooling
curve (see Eqs. 10-11 of BC09), is related to the thermal
profile gradient, which depends strongly on Ṁ and on tacc.
The intermediate cooling corresponds to the inner crust
thermal relaxation, (approx. # 300–1000 days) and is deter-
mined by the conduction of heat into the core. The thermal
conductivity is dominated by impurity-electrons scattering
(see Fig. E.1). The higher the impurity content, the lower
the thermal conductivity and the more delayed the cooling.
After # 400 days the suppression of the neutrons specific
heat by nucleon pairing is evidenced by the temperature
fall. Thus, the cooling curve shape is similar to a broken
power law with the second slope mostly controlled by the
pairing gap; a big energy gap suppresses the specific heat
more e"ciently causing an steeper fall. The tail reflects the
core thermal state (at t ! 1000 yrs) which temperature re-
mains constant unless the accretion has been lasted for long
enough and/or the recurrence time has been short enough
(see App. C).

6.2. Additional heat coming from the envelope or from
shallow sources in the outer crust?

To show how critical is the value of T 0
b to explain the early

decay, BC09 explored what happens if T out
b (t " t0) evolves

freely. They found it cannot reach values of 108 K only
by means of deep crustal heating (HZ08 sources) and esti-
mated the flux needed in $ 0.8 MeV nuc!1 for Ṁ18 = 0.1,
well above the one released by electron captures (Gupta
et al. (2007) and HZ08). Moreover, such a flux should em-
anate from a depth at which the thermal time is lower than

6 In Fig. 8 we set T out
b,8 = 4.1, Tc,8 = 0.29, Ṁ18 = 0.1, Qimp = 4

and M = 1.6 M!, similar to those used in BC09, see App. B
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Fig. 8. Thermal evolution considering a fixed T out
b (solid lines)

or a free T out
b (dashed lines) during outburst as the outer BC.

to the evolution of Tb in quiescence for t ! t0 and T out
b for

its evolution during outburst, for t " t0.
At first instance we consider the case in which the tem-

perature at the base of the envelope during outburst is fixed
to T out

b,8 (t " t0) # 1 (Fig. 8, solid lines) while at the inner

boundary the core temperature is kept fixed to Tc,8 # 0.1,
both values chosen to fit the early and the last data, respec-
tively6. First to note is that the initial thermal profile suit-
able to explain the data (brown ellipses in Fig. 8c) has an in-
verted temperature gradient and hence an inward-directed
heat flux as explained in detail in BC09. This profile has
a rather high temperature reached during outburst at the
crust-envelope interface and a pronounced decay across the
outer crust; it is then followed by a moderate temperature
drop through the inner crust until Tc is reached. As stated
in BC09, the (a priori arbitrary) value of T 0

b is crucial to
explain the early decay, and to ilustrate this point we plot
the case when T out

b,8 (t " t0) is not held fixed, but instead,
it evolves freely (dashed curves) controlled only by deep
crustal heating (HZ08). As we can see from Fig. 8c and we
will discuss in the next subsection, such curves fail to ex-
plain the observed early cooling; an additional heat source
is necessary to enhance T 0

b whose origin is still uncertain.
Cooling curves can be understood from the initial ther-

mal profile in the following way: being the cooling time
(evolution time since the end of the outburst) related with
depth (see Eqs. 7-9 in BC09), at a given time, outer layers
cool down up to the depth in which the thermal timescale
associated to that depth equals this cooling time. Deeper
beyond that depth, the crust has not relaxed yet and ex-
hibits the initial thermal profile. Thus, to each depth (or
density) corresponds an evolutionary time and in this way
each region is a ”window” to a di!erent crustal cooling pe-
riod as described next.

The early cooling (first # 300 days) is controlled by the
physics of the outer crust. Here, the slope of the cooling
curve (see Eqs. 10-11 of BC09), is related to the thermal
profile gradient, which depends strongly on Ṁ and on tacc.
The intermediate cooling corresponds to the inner crust
thermal relaxation, (approx. # 300–1000 days) and is deter-
mined by the conduction of heat into the core. The thermal
conductivity is dominated by impurity-electrons scattering
(see Fig. E.1). The higher the impurity content, the lower
the thermal conductivity and the more delayed the cooling.
After # 400 days the suppression of the neutrons specific
heat by nucleon pairing is evidenced by the temperature
fall. Thus, the cooling curve shape is similar to a broken
power law with the second slope mostly controlled by the
pairing gap; a big energy gap suppresses the specific heat
more e"ciently causing an steeper fall. The tail reflects the
core thermal state (at t ! 1000 yrs) which temperature re-
mains constant unless the accretion has been lasted for long
enough and/or the recurrence time has been short enough
(see App. C).

6.2. Additional heat coming from the envelope or from
shallow sources in the outer crust?

To show how critical is the value of T 0
b to explain the early

decay, BC09 explored what happens if T out
b (t " t0) evolves

freely. They found it cannot reach values of 108 K only
by means of deep crustal heating (HZ08 sources) and esti-
mated the flux needed in $ 0.8 MeV nuc!1 for Ṁ18 = 0.1,
well above the one released by electron captures (Gupta
et al. (2007) and HZ08). Moreover, such a flux should em-
anate from a depth at which the thermal time is lower than

6 In Fig. 8 we set T out
b,8 = 4.1, Tc,8 = 0.29, Ṁ18 = 0.1, Qimp = 4

and M = 1.6 M!, similar to those used in BC09, see App. B
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Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly

9
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Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly

9

stationary solutions 
Saturday, September 27, 2014



The envelope 

in quiescence in accretion 

A. Turlione, D.N. Aguilera and J. A. Pons: Quiescent thermal emission from neutron stars in LMXBs

0.01 0.1 1
!8 (g cm-3)

FA

NA Fe

Fe

Fe

!sup,8~10-9 !b,8=5.6

!h (M, X)

H, He

H, HePAX

(a) For NA model, the density !h ! !sup, for FA !h ! !b,
and for PAX, !h depends on the accretion mass Ṁ and H
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Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly
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constant during all the unstable processes taking place in
outer layers. Based on this, we assume that T 0

b depends
only on the accretion rate and it is not modified by the
unstable ignition of light elements that might occur in the
envelope.

In Fig. 6, we show T 0
b (Ṁ) relations obtained for di!erent

PA envelope models by varying light elements abundances.
The released energy by nuclear reactions depends strongly
on these abundances, the higher the H fraction, the higher
value for T 0

b (Fig. 6). The results can be well fitted with
functions T 0

b,8(Ṁ) = aṀ!
18, where a and ! are coe"cients

given in Tab. 4.
The use of the T 0

b (Ṁ) relations in the cooling curves
allows us to constraint the envelope composition by fitting
the observations; this is one of the main goals of this work.
It is worth noticing that these relations also depend on the
NS mass through the NS crust width; results do not vary
qualitatively and the fitting coe"cients are only slightly
di!erent.

0.1 1
M
. 

 (1018 g s-1)

3

4

5

T
b 

(1
08  K

)

MXB 1659-29

KS 1731-260

E
X

O
 0

74
8-

67
6

IG
R

 J
17

48
0-

24
46

X
T

E
 J

17
01

-4
62

PA90 

80 
70 
60 
50 
40 
30 
20

Fig. 6. T 0
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Table 4. Envelope models PAX varying the composition X, the
total released energy per nucleon Etot

nuc = XEnuc,H + Y Enuc,He

and coe"cients for the regression T 0
b,8(Ṁ) = aṀ!

18 for a 1.6 M"

NS.

Model PAX Etot
nuc a "

X (1018 erg g!1) (K s g!1)

20 1.66 3.5 0.12
30 2.20 3.7 0.12
40 2.75 3.8 0.12
50 3.29 4.0 0.12
60 3.83 4.2 0.13
70 4.37 4.4 0.13
80 4.92 4.7 0.13
90 5.46 5.2 0.13
100 6.00 6.9 0.15

5. Revisiting crustal cooling

We now turn to discuss our results, that have been pre-
viously confronted with existing works (see details in
Appendix A) for testing purposes.

5.1. Deep crustal cooling model: testing MXB1659!29

We begin with MXB1659!29, considered the most stan-
dard case. We use model 2 of Tab. 2, a NS with a mass
of 1.6 M! and radius R = 11.79 km, taking the impurity
parameter Qimp, the accretion rate Ṁ18 and core temper-
ature Tc,8 as free parameters. The temperature evolution
at the outer boundary, Tb, during outburst and quiescence,
the corresponding initial thermal profiles and cooling curve
are plotted in Figs. 7a, 7b and 7c, respectively.

First, we assume that the temperature at the base of the
envelope during outburst, T out

b (t " t0), is fixed to T out
b,8 # 1

(Fig. 7, solid lines) while at the inner boundary the core
temperature is kept fixed to Tc,8 # 0.1, both values cho-
sen to fit the first and the last observations, respectively5.

5 In Fig. 7 we set T out
b,8 = 4.1, Tc,8 = 0.29, Ṁ18 = 0.1, Qimp = 4

and M = 1.6 M", similar to those used in BC09, see App. A.
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constant during all the unstable processes taking place in
outer layers. Based on this, we assume that T 0

b depends
only on the accretion rate and it is not modified by the
unstable ignition of light elements that might occur in the
envelope.

In Fig. 6, we show T 0
b (Ṁ) relations obtained for di!erent

PA envelope models by varying light elements abundances.
The released energy by nuclear reactions depends strongly
on these abundances, the higher the H fraction, the higher
value for T 0

b (Fig. 6). The results can be well fitted with
functions T 0

b,8(Ṁ) = aṀ!
18, where a and ! are coe"cients

given in Tab. 4.
The use of the T 0

b (Ṁ) relations in the cooling curves
allows us to constraint the envelope composition by fitting
the observations; this is one of the main goals of this work.
It is worth noticing that these relations also depend on the
NS mass through the NS crust width; results do not vary
qualitatively and the fitting coe"cients are only slightly
di!erent.
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b (Ṁ) relations for di!erent PAX models. Regressions

with T 0
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18 , see Tab. 4. Observational Ṁ for the
five sources are indicated.

Table 4. Envelope models PAX varying the composition X, the
total released energy per nucleon Etot

nuc = XEnuc,H + Y Enuc,He

and coe"cients for the regression T 0
b,8(Ṁ) = aṀ!

18 for a 1.6 M"

NS.

Model PAX Etot
nuc a "

X (1018 erg g!1) (K s g!1)

20 1.66 3.5 0.12
30 2.20 3.7 0.12
40 2.75 3.8 0.12
50 3.29 4.0 0.12
60 3.83 4.2 0.13
70 4.37 4.4 0.13
80 4.92 4.7 0.13
90 5.46 5.2 0.13
100 6.00 6.9 0.15

5. Revisiting crustal cooling

We now turn to discuss our results, that have been pre-
viously confronted with existing works (see details in
Appendix A) for testing purposes.

5.1. Deep crustal cooling model: testing MXB1659!29

We begin with MXB1659!29, considered the most stan-
dard case. We use model 2 of Tab. 2, a NS with a mass
of 1.6 M! and radius R = 11.79 km, taking the impurity
parameter Qimp, the accretion rate Ṁ18 and core temper-
ature Tc,8 as free parameters. The temperature evolution
at the outer boundary, Tb, during outburst and quiescence,
the corresponding initial thermal profiles and cooling curve
are plotted in Figs. 7a, 7b and 7c, respectively.

First, we assume that the temperature at the base of the
envelope during outburst, T out

b (t " t0), is fixed to T out
b,8 # 1

(Fig. 7, solid lines) while at the inner boundary the core
temperature is kept fixed to Tc,8 # 0.1, both values cho-
sen to fit the first and the last observations, respectively5.

5 In Fig. 7 we set T out
b,8 = 4.1, Tc,8 = 0.29, Ṁ18 = 0.1, Qimp = 4

and M = 1.6 M", similar to those used in BC09, see App. A.
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MXB 1659-29: 
Textbook crustal cooler

Reduces the # of free parametersTb(M) 
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Fig. 9. Fits for MXB1659!29 using Tb(Ṁ) relations. The light
zone corresponds to cooling curves with !2 < 2 and the solid line
is our best fit with !2 = 0.75. The inset shows the corresponding
parameter space; the dark zone is for !2 < 1 and the cross, the
minimum. We fix the PA95 envelope, M = 1.6 M!, Qimp = 3.5
and Sch03 gap.
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Fig. 10. Same as Fig. 9 but for EXO0748!676and only dark
zones with !2 < 1 shown. The minimum is at !2 = 0.57. We fix
PA70 envelope, M = 1.6 M!, Qimp = 1 and Sch03 gap.

cretion time of 24 yrs and an accretion rate of Ṁ18 = 0.03,
a steady state with such high temperature would be com-
patible with a recurrence time of !100 yrs (Degenaar et al.
2011b), a scenario that cannot be ruled out.

Another peculiarity of this source is the small temper-
ature decrease after outburst: the surface temperature has
decreased to a factor of ! 0.9 in 650 days, in comparison
to !0.5 for MXB1659"29 in the same time period. This is
again compatible with a high core temperature and a low
accretion rate. Another open issue is the unknown origin of
the power law component in the spectra.

In spite of such peculiarities, EXO0748"676 quies-
cent luminosity can also be very well explained trough
Tb(Ṁ) relations. Our fits indicate that the source will
level o! at kBTs ! 105 eV in t ! 4000 days (Fig. 10),
which is compatible with observational exponential fits
which predict kBTs ! 107 eV. Indeed, the core temper-
ature is high, Tc,8 !1, one order of magnitude higher
than in MXB1659"29 case, which might evidence that
EXO0748"676 is a young NS which core has not yet
reached thermal equilibrium. The envelope model used here

is PA70 and the impurity parameter fixed to Qimp = 1;
given that the source is hot, it is quite insensitive to vari-
ations of Qimp. Free parameters vary in the ranges Tc,8 =
1.15" 1.32 and Ṁ18 = 0.015" 0.07. Note that dark regions
denote very good fits with !2 < 1; the best one corresponds
to Tc,8 = 0.57 and Ṁ18 = 0.036, well to the observational
rate Ṁobs,18 = 0.03.

It is important to note that it seems to be a shift be-
tween the Chandra and Swift observations which is maybe
due to cross-calibration issues between the two satellites
(Degenaar et al. 2011b). Even more, XMM-Newton and
Swift fluxes are compatible, which also points to an o!set
in the calibration between Chandra and Swift (Dı́az Trigo
et al. 2011). Due to the small error bars Chandra data al-
low for a better constraint of Ṁ and Tb, but these data do
not provide information of early times. Conversely, Swift
data allow for a better description of the early time and
XMM-Newton data are the most sensitive observations of
this source in quiescence and, therefore, the most reliable
(Dı́az Trigo et al. 2011).We first fit XMM-Newton and Swift
data together to find Tc,8 = 1.27, while Chandra data gives
Tc,8 = 1.24. Given this tiny di!erence, we include all avail-
able data in the following analysis.

6.2. Dependence on the envelope composition

The results presented in Figs. 9 and 10 depend on the enve-
lope composition, thus we explore the sensitivity of the in-
ferred values of Tc and Ṁ for MXB1659"29, KS1731"260
and EXO0748"676.

In Fig. 11 we show contour plots in the Tc - Ṁ param-
eter space, defined by the conditions !2 < 1, 2. We show
results for di!erent PAX envelope (X-percentage close to
each ellipse) and contrast them with the observational lim-
its for Ṁ (vertical lines). In all the cases, a low value of
Qimp(! 10) and 1.6 M! NS star is chosen. In PA envelopes
with lower H content, nuclear reactions release less energy
and T 0

b reaches lower values: e.g. if we consider Ṁ18 = 0.1,
we obtain T 0

b,8 ! 2.6 for PA20 model while T 0
b,8 ! 3.8 for

PA90 (see Fig. 6). Therefore, to fit the observations, the
lower the X the higher the Ṁ needed to achieve the same
T 0
b causing the contours move to right in in Figs. 11a and

11b. Looking for contours which minimums are close to the
Ṁ observational limits, we can set constraints on the enve-
lope composition.

For MXB1659"29 we find that if one assumes that the
envelope is modified by the accretion it should be mostly
composed by H, it must be present in at least # 92% and
may increase up to 100% (Fig. 11a). We find qualitatively
similar results for KS1731"260 with H content as high as
80-87% (Fig. 11b), but in this case some H, # 10-20 %,
seems to be necessary to explain the data. The tendency
is confirmed in EXO0748"676 with H content of # 70%
(Fig. 11c). Note that in this case Ṁ is constrained by a
single value, therefore, a better determination of the mass
accretion rate is crucial to determine the envelope compo-
sition more precisely.
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cretion time of 24 yrs and an accretion rate of Ṁ18 = 0.03,
a steady state with such high temperature would be com-
patible with a recurrence time of !100 yrs (Degenaar et al.
2011b), a scenario that cannot be ruled out.

Another peculiarity of this source is the small temper-
ature decrease after outburst: the surface temperature has
decreased to a factor of ! 0.9 in 650 days, in comparison
to !0.5 for MXB1659"29 in the same time period. This is
again compatible with a high core temperature and a low
accretion rate. Another open issue is the unknown origin of
the power law component in the spectra.

In spite of such peculiarities, EXO0748"676 quies-
cent luminosity can also be very well explained trough
Tb(Ṁ) relations. Our fits indicate that the source will
level o! at kBTs ! 105 eV in t ! 4000 days (Fig. 10),
which is compatible with observational exponential fits
which predict kBTs ! 107 eV. Indeed, the core temper-
ature is high, Tc,8 !1, one order of magnitude higher
than in MXB1659"29 case, which might evidence that
EXO0748"676 is a young NS which core has not yet
reached thermal equilibrium. The envelope model used here

is PA70 and the impurity parameter fixed to Qimp = 1;
given that the source is hot, it is quite insensitive to vari-
ations of Qimp. Free parameters vary in the ranges Tc,8 =
1.15" 1.32 and Ṁ18 = 0.015" 0.07. Note that dark regions
denote very good fits with !2 < 1; the best one corresponds
to Tc,8 = 0.57 and Ṁ18 = 0.036, well to the observational
rate Ṁobs,18 = 0.03.

It is important to note that it seems to be a shift be-
tween the Chandra and Swift observations which is maybe
due to cross-calibration issues between the two satellites
(Degenaar et al. 2011b). Even more, XMM-Newton and
Swift fluxes are compatible, which also points to an o!set
in the calibration between Chandra and Swift (Dı́az Trigo
et al. 2011). Due to the small error bars Chandra data al-
low for a better constraint of Ṁ and Tb, but these data do
not provide information of early times. Conversely, Swift
data allow for a better description of the early time and
XMM-Newton data are the most sensitive observations of
this source in quiescence and, therefore, the most reliable
(Dı́az Trigo et al. 2011). We first fit XMM-Newton and Swift
data together to find Tc,8 = 1.27, while Chandra data gives
Tc,8 = 1.24. Given this tiny di!erence, we include all avail-
able data in the following analysis.

7.2. Dependence on the envelope composition

The results presented in Figs. 9 and 10 depend on the enve-
lope composition, thus we explore the sensitivity of the in-
ferred values of Tc and Ṁ for MXB1659"29, KS 1731"260
and EXO0748"676.

In Fig. 11 we show contour plots in the Tc - Ṁ param-
eter space, defined by the conditions !2 < 1, 2. We show
results for di!erent PAX envelope (X-percentage close to
each ellipse) and contrast them with the observational lim-
its for Ṁ (vertical lines). In all the cases, a low value of
Qimp(! 10) and 1.6 M! NS star is chosen. In PA envelopes
with lower H content, nuclear reactions release less energy
and T 0

b reaches lower values: e.g. if we consider Ṁ18 = 0.1,
we obtain T 0

b,8 ! 2.6 for PA20 model while T 0
b,8 ! 3.8 for

PA90 (see Fig. 6). Therefore, to fit the observations, the
lower the X the higher the Ṁ needed to achieve the same
T 0
b causing the contours move to right in in Figs. 11a and

11b. Looking for contours which minimums are close to the
Ṁ observational limits, we can set constraints on the enve-
lope composition.

For MXB1659"29 we find that if one assumes that the
envelope is modified by the accretion it should be mostly
composed by H, it must be present in at least # 92% and
may increase up to 100% (Fig. 11a). We find qualitatively
similar results for KS 1731"260 with H content as high as
80-87% (Fig. 11b), but in this case some H, # 10-20 %,
seems to be necessary to explain the data. The tendency
is confirmed in EXO0748"676 with H content of # 70%
(Fig. 11c). Note that in this case Ṁ is constrained by a
single value, therefore, a better determination of the mass
accretion rate is crucial to determine the envelope compo-
sition more precisely.
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Fig.H.2. Variation of the neutron star mass for the PA15 en-
velope composition. Left panel: The remainder parameters are
fixed to the values: Tc,8 = 0.44, Ṁ18 = 0.054 and Qimp = 4.5
(taken from Fig. ??). Right panel: Fits corresponding to M =
1.4 M! (dashed dotted line) with Tc,8 = 0.41, Ṁ18 = 0.034 and
for M = 1.8 M! (dashed line) with Tc,8 = 0.47 and Ṁ18 = 0.09.

panel we explore the (Ṁ, Tc) parameter space suitable to
fit the data with these three masses. We can observe, in
this panel, that the relaxation time increases when the NS
mass decreases: a thinner crust cools down faster, however
there is not a big di!erence between both curves (although
a low NS mass is in better agreement with observational
data). Note that the reduced (increased) relaxation time
for a (less) massive star can be compensated with a higher
(lower) accretion rate compatible with the accretion rate
range inferred from observations: Ṁobs,18 = (0.05! 0.3).

II) As we mentioned before, another way to increase the
relaxation time in order to obtain results compatible with
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Fig.H.3. Cooling curves obtained for di!erent neutron pair-
ing gaps in the curst (see Fig. A.1). Variation of the gap, (a)
Schwenk et al. (2003), (b) Bare interaction, (c) Schulze et al.
(1998) and (d) Chen et al. (1986). All the other parameters are
fixed. PA5 envelope, NS mass is M = 1.4 M! and Qimp = 4.0,
Tc,8 = 0.4 and Ṁ = 0.054.

observations is by increasing the specific heat. One possible
way is considering that the suppression of the specific heat
due to superfluidity is less e"cient, for example because the
maximum of the energy gap is located at higher density.

In Fig. H.3, top panel, we show several cooling curves
obtained for di!erent pairing gaps (shown in Fig. A.1) for
a fixed M = 1.4 M! NS mass. The initial cooling does not
depend strongly of the energy gap amplitude, instead, the
later cooling is very sensitive to it. The solid curve corre-
sponds to the gap used so far and the dashed dotted to one
for which the maximum is located in a deeper layer (Schulze
et al. 1998); the latter shows a better agreement with the
observational data. In bottom panel, we show curves ob-
tained with gap (c) and the parameters, Qimp = 4 and
PA5

10. Cooling curves obtained in this way explain the last
observation, with an accretion rate of Ṁ18 = 0.06 which is
compatible with observations. The impurity parameter is
also in agreement with low values previously found.

We conclude that data can be explained considering a
lower NS mass, a higher impurity parameter (but still com-
patible with low values predicted by Horowitz et al. (2009)
molecular dynamics simulations) and a deeper located gap.

H.1. Constraining the envelope composition

In Fig. H.4 we find constraints on the envelope composition
by plotting contours defined by the condition !2 < 2 in the
parameters space as in section 6.3. We explore how they
change with the neutron star mass and conclude that for
low masses (M = 1.4, 1.6 M!) the envelope is composed
mostly of helium and can present an small percentage of
hydrogen, X " 0.20 at the most for M = 1.6 M! and
X " 10 for M = 1.4 M!. Instead, for a higher mases
(M = 1.8M!) the envelope can be mostly composed by
hydrogen, being X " 0.80 the upper limit. Comparing with

10 PA5 is an intermadiate envelope model for theses gap an NS
mass, see Fig. 14 .
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! " # $ % &
'()*

! " # $ % &
'()*

+,#

+,$

+,%

+,&

+,-

. /
0!
+1
2
3

Fig. 14. Contours for KS 1731!260 source comparing Sch03
gap (left panel) and deep gap (right panel). Colored regions
satisfy !2 < 1, 2 (dark,light, respectively) considering di!erent
PAX envelope compositions (X% aside contours), accretion rates
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8.2. Constraining the impurity parameter

In this subsection we explore the Qimp!Tc parameter space
for the three sources: MXB1659!29, KS 1731!260, and
EXO0748!676.

In the left panels of Fig. 15 and Fig. 16 we show con-
tour levels corresponding to cooling curves that satisfy the
conditions !2 < 2 (light regions) and !2 < 1 (dark re-
gions), obtained for the Sch03 gap and two di!erent masses,
M = 1.4, 1.6 M!. In right panels, we show corresponding
results for a deep gap. In the di!erent panels we also vary
the mass accretion rate Ṁ within the observational range as
much as possible; the ellipses with solid (dashed) contours
are calculated for the upper (lower) limit.

First we can note some general trends in the figures:
i) Qimp is correlated with Ṁ ; as Ṁ is increased, the energy
released in the inner crust by pycnonuclear reactions is in-
creased, overheating the deep layers. To balance this e!ect,
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Fig. 15. Idem for MXB1659!29 source but for di!erent ac-
cretion rates (dashed lines for Ṁ18 = 0.07, solid lines for
Ṁ18 = 0.18).

Qimp must assume a lower value, which raises the thermal
conductivity favoring heat transport to the core.
ii) a more massive NS has a thinner crust which reduces
the thermal relaxation time and Qimp su!ers a shift toward
higher values.

In particular, for KS 1731!260 (Fig. 15), we find that
considering the Sch03 energy gap it is not possible to fit
the data with parameters that satisfy !2 ! 1, even varying
the NS mass. However, taking the deep energy gap the data
can be well fitted (!2 ! 1) with Qimp " 3!5 (1!4.5), and
Tc,8 " 0.43! 0.48 (0.45! 0.57) for M = 1.6 M! (1.4 M!).
In contrast, fits for MXB1659!29 (Fig. 16) show that both
gaps can fit the data with !2 < 1. Choosing the Sch03 gap
we obtain Qimp " 2.5 ! 4.5 (0.5 ! 1.5), and Tc,8 " 0.3 !
0.35 (0.35! 0.4) for M = 1.6 M! (1.4 M!). Alternatively,
considering the deep energy gap we find Qimp " 2.3 ! 2.8
and Tc,8 " 0.3! 0.33 for M = 1.6 M!.

The comparison of these results with the ones of
EXO0748!676 is shown in Fig. 17. Since the last ob-
servation of this source was detected at " 600 days,
and the energy gap influences cooling curves only after
" 500 days, data fits cannot help to distinguish between
models. Considering either Sch03 or a deep gap does not
make a significant di!erence. It is worth noticing that, be-
cause at high temperatures (T " 108 K) the contribution
to the thermal conductivity due to e-impurities scattering
is negligible, cooling curves are barely dependent on Qimp.
The allowed range for Qimp extends to much higher values
than for the other two cases.

Comparing results for MXB1659!29, KS 1731!260 and
EXO0748!676 sources (summarized in Tab. 5), we note
that while EXO0748!676 shows a higher equilibrium core
temperature, Tc,8 " 1, MXB1659!29 and KS 1731!260
seem to level o! at Tc,8 "0.3-0.5. We stress that for the
three sources we obtain good fits (! < 1) with correspond-
ing mass accretion rates compatible with those inferred
from observations. Therefore, a canonical model that fits
the three sources simultaneously points to the following
characteristics:

1. the NS mass is # 1.6M! (rather than # 1.4M!),
2. the light elements shell consist mostly of H (low He-

content with Y ! 10! 15%),
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Fig. 11. Contours for cooling curves with !2 < 1, 2 (dark, light
zones, respectively) varying the PAX envelope composition (X%
aside contour). Corresponding ranges for the observational ac-
cretion rate is shown as grey areas or grey line.

8. Towards a canonical model for crustal coolers:
constraining the crust microphysics

This section is devoted to infer some information about the
crust microphysics. We focus mainly on new constraints
imposed by the last observation of KS 1731!260 and on
trying to find a canonical model that fits simultaneously the
quiescence emission of MXB1659!29, KS 1731!260, and
EXO0748!676.

8.1. Is KS 1731!260 still cooling? Constraints on neutron
superfluidity energy gaps

Last observations of KS 1731!260 reported by Cackett
et al. (2010a) seem to indicate that the source is still cooling
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Fig. 12. Energy gap models as function of density, Schwenk
et al. (2003) gap (Sch03, solid line), deep gap (dashed dotted
line) and small gap (dashed line).

and that previous models fail to explain the last data point
(Fig. 1b). A longer relaxation time with a larger storage of
heat in the crust is needed. For our current set of micro-
physical inputs, none of the curves obtained varying Qimp,
Tc or Ṁ succeed in explaining the temperature of the last
observation (note that !2 > 1 in Fig. 11). To obtain cool-
ing curves with longer crustal relaxation times (compared
to MXB1659!29) we explore the possibility of a neutron
energy gap for crust superfluidity with a relatively low max-
imum value (hereafter small gap), or, alternatively, located
at deep densities (hereafter deep gap) such that the result-
ing suppression of the neutron specific heat is less e!cient.

In Fig. 13, we show di"erent functional forms for the
density dependence of the neutron superfluidity energy
gaps in the crust. In the results presented up to now we
used the gap from Schwenk et al. (2003), referred as Sch03,
which is similar to the model used in BC09 or Sht07. Its
influence extends in the range " " (1012 ! 1014) g cm!3

with a maximum value of # 1MeV. The model we call deep
gap (dashed dotted line in Fig. 13) has a maximum located
near the crust-core interface, at " " 1014 g cm!3, with the
consequent less e!cient suppression to the specific heat in
most of the crust and longer thermal relaxation time for
the crustal cooling. A similar e"ect can be obtained consid-
ering a small gap with maximum value # 0.1MeV (dashed
line in Fig. 13).

The Sch03 gap fails to fit observations of KS 1731!260
as shown by the best fitting cooling curve obtained (dotted-
dashed line in Fig. 14). Due to the longer relaxation time,
cooling curves using a deep gap (or not energy gap at all)
can fit substantially better the last data point. Moreover,
we checked that a good fit can be obtained if we consider
any gap contained within the colored regions in Fig. 13
(bellow deep and small gaps). Obviously, a lower Tc,8 # 0.5
is reached in this new fit, which might indicate that the
source is still cooling.
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 17. Upper panel: Accreted mass rate during outburst Ṁ !
0.96 (solid line) and during quiescence ṀA,B(t) (dashed and dot-
ted lines, respectively). Lower panel: Corresponding evolution of
the temperature at the base of the envelope Tb.
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 17. Upper panel: Accreted mass rate during outburst Ṁ !
0.96 (solid line) and during quiescence ṀA,B(t) (dashed and dot-
ted lines, respectively). Lower panel: Corresponding evolution of
the temperature at the base of the envelope Tb.
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 17. Upper panel: Accreted mass rate during outburst Ṁ !
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ted lines, respectively). Lower panel: Corresponding evolution of
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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it can be a significant enhancement of the 24O +24 O re-
action if the neutron skin dynamic is considered in the re-
action rates calculations. This would increase the reaction
rate and hence lower the burning density.

9.3. Thermal isolation of the inner crust

In the previous section we found that, in order to explain
the observed cooling, the shape of the initial NS thermal
profile should have a peak near the surface. One way of
generating that profile is by including the presence of an
external heat source. Alternatively, in this section we will
consider the thermal isolation of external layers from the
interior through the suppression of the electron thermal
conductivity in a thin layer of the crust. In a serie of works
(Melatos & Phinney (2001), hereafter M01 and Payne &
Melatos (2004)) Melatos et al. analyzed the evolution of
the magnetic field, B, of an accreting NS assuming that
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Fig. 23. Cooling curves obtained by varying the source position
(upper panel) and the suppression layer width (lower panel).
Numbers in curves are !r in m.

during the early stages of accretion, the material accumu-
lates on the polar caps building up a magnetically con-
fined mountain. Once enough material has been accumu-
lated, the hydrostatic pressure at the base of the mountain
exceeds the magnetic pressure and it spreads toward the
equator dragging with it the magnetic field lines. In this
way, the magnetic field lines are compressed into a narrow
layer along a longitudinal line transverse to the radial di-
rection and emerges through the equator (described as a
ballerina tutu). Hence the magnetic field is distorted in a
thin layer of thick !r and remains unchanged in the zone
below that layer. Flux conservation implies that B > B0

(where B0 is the initial magnetic field) and the transversal
electron conductivity is highly suppresed in this layer.

We simulate this mechanism by suppressing the elec-
tronic thermal conductivity with a factor Rsup = 0.1 in a
layer characterized by its radial width !r and the mean
density !̄ at which the suppresion occurs. We first vary
these two parameters to study their influences on the cool-
ing curves. In Fig. 23 upper panel, we show results for
!̄10 = 0.5, 1, 2. The region in which the electronic conduc-
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9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 17. Upper panel: Accreted mass rate during outburst Ṁ !
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ted lines, respectively). Lower panel: Corresponding evolution of
the temperature at the base of the envelope Tb.
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).

18

Saturday, September 27, 2014



XTE 1701-462: VARIABILITY

A. Turlione, D.N. Aguilera and J. Pons: Quiescent thermal emission of neutron stars in LMXBs

9.1. Residual accretion in XTE J1701!462

We begin our analysis fitting the observational data with
a cooling model as described in Sec. 3. Unless otherwise
is stated we exclude from the data XMM-3 and CXO-4
observations, which exhibit a possible flare-like behavior
(Fridriksson et al. 2010, 2011). 9 In the present case the
neutron star mass is fixed to M = 1.4 M! and the enve-
lope model to PA0. Since the source is relatively hot the
contribution to the electronic thermal conductivity due to
impurities is negligible and thus we fix: Qimp = 1. The
best cooling curves are obtained considering the accretion
rate Ṁ and the core temperature Tc as free parameters and
minimizing !2 respect to them.

We speculate that some data points may exhibit an in-
creased temperature due to residual accretion episodes re-
spect to a baseline standard cooling curve. Therefore we de-
termine first the baseline model that can explain as many
observations as possible with !2 < 1 and the remaining
data points (for which their temperature is larger) will be
the candidates for a residual accretion scenario.

For that purpose we consider two residual accretion pe-
riods: in the first " 150 days the period A coincident with
CXO-2, XMM-1 and XMM2 and later, at about 200 days,
with a duration of " 60 days, the period B in correlation
with XMM-3 and CXO-4. We model the accretion mass
rate with an exponential decay ṀA,B(t) = Ṁ0e"(t"tA,B)/µ

with Ṁ0 = 0.11 # 1018 g.s"1, µ = 146 days, tA = t0 and
tB = 215 days for the accretion periods A and B, respec-
tively. The functional form of ṀA,B is shown in Fig. 17 in
the upper panel with dashed-dotted and dotted lines, re-
spectively. The lower panel show how the temperature at
the base of the envelope is modified when Ṁ(t) is included
in the simulations: the dashed and dotted lines are Tb(t)
corresponding to MA,B(t) respectively and the solid line is
the evolution of Tb as a consequence of the strong accretion
period until t0 without further residual accretion.

Cooling curves with residual accretion included are
shown in Fig. 18. The grey region demarcates the curves
that fit filled points with !2 < 1 with Ṁ and Tc as free
parameters. The solid line is the base cooling without ac-
cretion after t0 (!2

min = 0.59); it predicts that the source
is still cooling down. The dashed line is the temperature
evolution including ṀA(t) and fits the filled symbols plus
CXO-2, XMM-1 and XMM2 (!2

min = 0.45). The dotted line
fits all the points including also XMM-3 and CXO-4 assum-
ing the accretion rate ṀB(t) (!2

min = 0.49). We obtained
that the values of Tc are lower than the last observations,
and in concordance with Fridriksson et al. (2010), it indi-
cates that the source is still cooling. On the other hand,
the obtained values for Ṁ are below the observational in-
ferred value $Ṁobs = 1.1 # 1018 gr.s"1%. We will come to
this point later in this section. We show how the increased

9 CHECK! XMM-3 spectra has a large non-thermal flux, non-
thermal component are commonly related with low level accre-
tion. CXO-4 has a much smaller non-thermal flux, is is not clear
the nature of this point: maybe there is an error in the separa-
tion of both component. A temperature in line with the overall
observed decay is also consistent with the data. There is a vari-
ability in the non thermal flux of the data, this can be another
indication of low level accretion; but there is a di!erence be-
tween the nature of the non-thermal flux of XMM-3 and the
other points.
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Fig. 17. Upper panel: Accreted mass rate during outburst Ṁ !
0.96 (solid line) and during quiescence ṀA,B(t) (dashed and dot-
ted lines, respectively). Lower panel: Corresponding evolution of
the temperature at the base of the envelope Tb.
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Fig. 18. Fit of the observational data (filled symbols) for
XTEJ1701"462 with a base cooling curve for Ṁ18 = 0.7 " 1.3
and Tc,8 = 1.3 " 1.8: solid line minimizes !2 (!2 = 0.48) and
the grey region denotes curves with !2 < 1. Dashed and dotted
lines include residual accretion functions ṀA,B(t) as in Fig. 17.

temperature can be well fitted considering the new evolu-
tion of Tb induced by Ṁ with a MEAN? accretion rate
of about one fifth of Ṁ during outburst, so the residual
accretion seems to be a likely explanation for the observed
data. We have checked that the steep temperature fall be-
tween XMM-3 and CXO-4 does not depend strongly of the
specific functional form of Ṁ(t) used, but on the value of
Ṁ at the onset.

As we mention before one cavity of this model is that
the accretion rate corresponding to the base cooling curve is
lower than $Ṁ = Ṁobs% (Fridriksson et al. 2010). This fact
questions the validity of the Tb(Ṁ) relation for this case or
suggests a more massive NS (M > 2M!, see Appendix).
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Fig. 24. Cooling curves obtained by suppressing the electron
thermal conductivity varying !̄10 = 1!5, !r " (10!30) m and
Tc,8 = 1.55 ! 1.8. The gray region corresponds to "2 < 1 and
the solid line to "2 = 0.72. Fixed parameters are: Rsup = 0.1,
!h = 0.045 and Ṁ18 = 1.1.

tivity is suppressed thermally isolates the external layers
from the deeper ones so the heat is not so easily carried
to the interior of the star. At early stages, the outer layers
temperature is in this way increased.

In Fig. 23 lower panel, we show cooling curves obtained
for !r = 0 ! !Rc (the crust width) keeping !̄ fixed. For
higher !r, the isolation is stronger and the heat conduc-
tion to the interior is more di"cult, thus, it is stored in
outer layers with a consequent increase of temperature. In
the interior, when the suppression layer is thin compared
with the crust thickness, the behavior is the opposite: when
!r increases most of the heat is carried to the interior and
the temperature decreases (see the first " 250 days). On
the other hand, when !r occupies a big region of the in-
ner crust, the temperature depends on how the heat flux
spreads toward the interior and outer layers. In the first
case, the temperature decreases and in the second, it is
stored and the temperature increases.

In Fig. 24, we show results obtained by varying both !r
and !̄. We find that the allowed values for the suppression
parameters are: !̄10 = (0.77! 2.20) and !r = (10! 26) m
being Rsup = 0.1 The values corresponding to the mini-
mum are: !̄10 = 1.3 and !r = 18 m. We can observe that
this model fits the observational data in a good way (with
"2 < 1) assuming the right value for the accretion rate
(Ṁ18 = 1.1), but is highly sensitive to variations of these
parameters; it only allows variations of some meters for !r.
On the other hand, we did not make an exhaustive analy-
sis of the magnetic field geometry influence on the results,
but simply suppressed the thermal conductivity in our 1D-
model and find a qualitative approach to the problem. It is
necessary to make a complete 2D study of the field geome-
try to obtained more determinants results.

9.4. Conclusions for XTE J1701!462

1. We found that it is possible to explain the data with
a low level accretion component during the quiescent

phase. Nevertheless as we mentioned at the end of sec-
tion 9, Fridriksson et al. (2011) concludes that residual
accretion probably does not play an important role in
the thermal emission because it does not seem to be a
correlation between thermal and non thermal compo-
nents for the observations outside the flares. However
as they state, this possibility can not be ruled out.

2. Based in Horowitz et al. (2008), we consider another
scenario with the presence of an additional heat source
in the outer crust. We found that this improves the fits
considerably but it is di"cult to explain the break ob-
served between the early slope (first 50 days) and the
subsequent fall. The source should be located at a den-
sity !10 " 1 with an intensity " 50 keV.nuc!1, that
corresponds to ZO " 0.1 fraction of oxygen burning
while Horowitz et al. (2008) values are: !10 " 10 and
ZO " 0.03 ! 0.1. Although we found a lower density
for the location of the sources, they mentioned that it
can be a significant enhancement of the 24O+24O reac-
tion if it is considered the neutron skin dynamic in the
calculations, and this would lower the burning density
considerably.

3. Finally we fit the data with a model in which there is
a thermal isolation of the inner crust generated by the
suppression of the electronic thermal conductivity. This
suppression can be justified with a buried magnetic field
as it is suggest by Melatos & Phinney (2001). We found
that the electronic conductivity should be suppressed at
a density !10 " 1 in a layer of !r " 103 cm width.

4. All the models predict that the source is sill cooling, and
this is compatible with the last observation (Fridriksson
et al. 2011).

5. We found that the source will reach the thermal equi-
librium in " (5500 ! 5800) days and a temperature of
kBTs " (100! 105) eV.

10. Source IGR J17480!2446: Shalow sources in
the outer curst?

# Degenaar et al. (2011a) (hereafter DG11) model cooling
curves for this source, using BC09 code. At the time that
work was published only the two first observations were
reported.

# They fit these observations with cooling curves ob-
tained assuming an outburst of 0.17 yrs and accretion rate
Ṁ18 = 0.2. But such curves present too low crustal temper-
ature to match the observations, since Tc can not take an
arbitrary value because there is some information about the
quiescent level (deduced from previous quiescent period).

# Thus, they consider extra heat sources located in the
outer crust and find that observations can be well fit if
the source is located at !8 = 4, with an intensity Qadd "
1 MeV.nuc!1. Free parameters are fixed to Tc = 0.7 and
Qimp = 5.

# Nevertheless, three new observations were detected
from 2011 September to 2012 May Degenaar (2012). and
former fits are not longer valid, see Fig. 25.

In this section, we model cooling curves for
IGRJ17480!2446 observations.

# In first place, we do not consider additional heat
sources, and fit data varying only Qimp Tc and the PAdeep

x
envelope model. As we show in Fig. 26, if we consider a
core temperature, Tc,8 = 0.5, compatible with the quies-
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Fig. 31. Cooling curves for IGRJ17480!2446 in Terzan 5. Dark
gray region corresponds to !̄10 = 5! 30, q = 1.4! 4 MeV.nuc!1

space parameter with the condition "2 < 1. Solid line stands for
the minimum ( "2 = 0.37).

!̄10 = 5 ! 30 with an intensity q = 1.4 ! 4 MeV.nuc!1.
These sources are considerably deeper and more intense
than the ones previously found.

An open question related to IGR J17480!2446 is if
Tb has enough time during the short accretion time of
" 60 days to reach the necessary temperature to fit ob-
servations (in other words, is the fixed Tb scheme appli-
cable to this case?). To answer this question we refer to
Fig. 10 left panel, where we can appreciate the character-
istic evolution time of Tb. For a source located at !̄10 " 1
and releasing "2 MeV.nuc!1, Tb reach the value Tb " 1 in
only " 30 days. Considering that the reaction time of Tb

decreases when the heat source is located at lower densi-
ties, in the case of IGR J17480!2446 source, Tb would have
enough time to reach the value Tb,8 # 1, which is required
to fit the data.

$ Open question: how results change when Tb is free?
Discussion on D.

10.2. Exploring another parameters

$ In the context of last scenario, we explore how cooling
curves change when Tc is modified.

$ We find that increasing Tc heat sources can be less in-
tense and located at more external layers. In Fig. 32, dashed
lines consider the envelope model PAdeep

0 and Qimp = 5 but
two di!erent values for Tc, which fit the upper and lower
limits of the quiescent band. The upper limit of this band
corresponds, with this model, to Tc,8 = 0.55 and sources are
located at !̄10 = 6.8 with an intensity q = 1.56 MeV.nuc!1.
Instead, when Tc,8 = 0.44 cooling curves level of at the
lower limit and sources are located at deeper and more in-
tense layers: !̄11 = 1.45, q = 3 MeV.nuc!1. On the other
hand, dashed-dotted line considers the model PAsh

0 , the up-
per limit of the quiescent band corresponds to the value
Tc,8 = 0.74, and sources are located at !̄10 = 5.4, releasing
2.9 MeV.nuc!1; the lower limit corresponds to Tc,8 = 0.59
with !̄10 = 7.4, and 4.6 MeV.nuc!1.
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Fig. 32. Top panel: cooling curves fitting upper and lower lim-
its of the quiescent band considering PAdeep

0 (dashed lines,
"2 = 0.35, 0.55) and PAsh

0 (dashed dotted lines, "2 = 0.4, 0.89).
Bottom panel: "2 < 1 contours corresponding to top panel, solid
line corresponds to Fig. 31.

In Fig. 33 we show the comparison of additional sources
in XTEJ1701!462 and IGR J17480!2446. We can see how
the location and intensity of sources depends on Tc. Colored
bands corresponds to the limits determined by the quiescent
band.

11. General conclusions

We summarize our main results in the following items:

1. We developed models that describe the thermal evolu-
tion of NSs crust in quiescence through a time depen-
dent numerical code and stationary solutions for the
thermal state of the envelope in a consistent way. The
code is set taking account all the relevant micro physics
properties in the di!erent layers of the NS. These mod-
els also account for changes in the composition due to
the accretion in both, envelope and crust.

2. We study the heating of the envelope during the ac-
cretion phase and found a relation between Tb and Ṁ
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XTEJ1701!462 (brown region), and IGRJ17480!2446 (green
region). Solid lines are HZ08 sources.

set a higher observed equilibrium level for the same inte-
rior temperature (Degenaar et al. 2013). Second, it is also
possible to fit the data by fixing Tc in a value compatible
with the quiescent band, but then it is necessary to consider
very intense additional heat sources which origin is unclear.
Future monitoring on IGRJ17480!2446 will determine if
the source has leveled o!, favoring the first scenario, or it
is still cooling, which would point to non standard cooling.

To summarize, in Fig. 22 we compare the addi-
tional heat sources needed to explain XTEJ1701!462 and
IGRJ17480!2446 quiescent emission with the theoretical
calculations of the heat deposited by crustal heating from
HZ08. Colored bands illustrate how the source intensity is
modified when they are located at di!erent depths. The
inset shows in more detail the HZ08 results.

!" !"" !"""
#$%$#" &'()*+$

!,"

!-"

!."

!/"

!0"

!1"

!2"

!3"

4 5
6 *
&7
8
+

!" !/ ," ,/
9$&:+

";/

!

!;/

,

,;/

&!
"!
"
<$
=:

%-
+

!;.

!;0

!;2

,

,;,

6 *
&!
"0
>
+

!;."

6=?2@!;-/

A!

A,

Fig. 22. Cooling curves obtained by suppressing the electron
thermal conductivity by Rsup = 0.1. The brown dark (light)
regions correspond to "2 < 1(< 2) and the solid line to "2 =
0.61. We fix Tc,8 = 1.35!1.40, Ṁ = 1.1, PA50 envelope, Qimp =
1 and Sch03 gap. Inset shows "2 < 2 contours in parameter
space varying Tc.

9.2. A buried magnetic field

Another possibility that could explain a warmer outer crust
at early times is the presence of a low conductivity layer
between the outer and the inner crust. This can be the re-
sult of a buried magnetic field, as suggested by Payne &
Melatos (2004), if during the accretion period the magnetic
field lines are pushed into the crust and concentrate in a
thin shell. The thermal conductivity will be highly reduced
in the thin layer, and would act as a thermal insulator be-
tween the outer and the inner crust. The cooling curves
will be a!ected by the suppressed thermal conduction re-
sulting in an accelerated cooling at early times (released of
the heat deposited in the outer crust) followed by a slower
temperature decrease.

To test this hypothesis we suppress the electronic ther-
mal conductivity with a factor Rsup = 0.1 in a layer char-
acterized by its radial width, "r, and the mean density !̄
at which the suppression occurs, fixing the accretion rate
to the observational value, Ṁ18 = 1.1. Results show that
the parameter range compatible with the observations is
!̄10 = (0.8 ! 2.2) and "r = (11.9 ! 19.5)m (Fig. 23) and
with a variation of Tc,8 = 1.35! 1.40. The minimum is lo-
cated at !̄10 = 1.3 and "r = 15.8m (with "2 < 1). In order
to make a more exhaustive analysis it is necessary to study
the magnetic field geometry influence on the results in a
2D-model.

9.3. Residual accretion in XTE J1701!462?

As an alternative scenario, we speculate that some data
points in the emission of XTEJ1701!462 may exhibit an
increased temperature due to residual accretion episodes
respect to a baseline standard cooling. The neutron star
mass is fixed to M = 1.6 M! and the envelope model to
PA60. The best cooling curves are obtained considering the
accretion rate Ṁ and the core temperature Tc as free pa-
rameters.

Then we add two residual accretion periods: in the first
" 150 days the period A coincident with CXO-2, XMM-
1 and XMM2 and later, at about 200 days, with a du-
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Fig. 24. NEW Cooling curves comparison of all the sources.
In each case we show the best fit corresponding to the models:
crustal cooling (MXB1659!29), crustal cooling with an small
energy gap for neutron superfluidity (KS 1731!260), crustal
cooling (all data fit, EXO0748!676), crustal cooling with addi-
tional heat sources (XTEJ1701!462) and crustal cooling with
a high Tc (IGRJ17480!2446).

other hand, the favored envelope model is compound
mostly of H (Y ! 20% in most cases).

5. There are two other sources, XTEJ1701!462
and IGRJ17480!2446 that we study sepa-
rately. XTEJ1701!462 can not be explained
with a standard crustal cooling model. It re-
quires additional heat sources located in the outer
crust, at !̄ " (1 ! 5) # 1010 g cm!3, releasing
q " (0.1 ! 0.25) MeVnuc!1. In addition, we ex-
plored alternative scenarios, as the presence of residual
accretion during quiescence. Even though this model
can explain data, the thermal component outside flares
is unlikely to be due to ongoing low level accretion
(Fridriksson et al. 2011). We also probe the scenario of
the suppression of the electronic thermal conductivity
in a thin layer due to a buried magnetic field. We found
that the layer must be thin, (!r " (12 ! 20) m) and
located at ! " 1010 g cm!3. For a better description
it is necessary to solve a 2D problem considering the
magnetic field geometry.

6. IGRJ17480!2446 challenges our current understand-
ing of crustal cooling since its thermal flux still re-
mains above the value measured in the previous quies-
cent phase after spending 2.2 years in quiescence. This
is di"cult to reconcile with its short outburst (which
lasted only two months). In agreement with Degenaar
et al. (2013), we find that it is possible to explain the
data if we consider that Tc is higher than the one mea-
sured in the last quiescent phase. Another possibility
is, again, the presence of additional heat sources, but
in this case they must be considerably more intense
(q " 3 MeVnuc!1) and must be located in a deeper
layer (!̄ " 1011 g cm!3) than for XTEJ1701!462.

In Fig. 25 we summarize our results, showing together
the best fits obtained for all the sources. According to them,
MXB1659!29 and KS 1731!260 have already reached
thermal equilibrium, with surface temperatures at kTe! =

55.1 eV and kTe! = 64.7 eV, respectively. EXO0748!676
and IGRJ17480!2446 seem also close to equilibrium levels,
with temperatures of kTe! = 104.7 eV and kTe! " 83.0 eV,
respectively. On the other hand, XTEJ1701!462 is still far
from thermal equilibrium, which will be reached in several
years at the value kTe! = 107.04 eV. This high value is com-
parable to EXO0748!676 while the other sources level o#
at much lower temperatures. XTEJ1701!462 has an early
observation, which provides valuable information about the
position and intensity of heat sources in the outer crust.
Instead, we do not have information before "30 days for
the other sources. An open question is if the other sources
showed an early behavior similar to XTEJ1701!462.
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Appendix A: Comparison with previous works

A.1. MXB1659!29 results with BC09

In order to check our numerical approach and code we
first compare our results for MXB1659!29 with BC09 in
which Ṁ , Tc, Tb and Qimp are free parameters (Fig. A.1).
Similarly as they did, we fix M = 1.6 M", Ṁ18 = 0.1
and Qimp = 4.0 and explore the behavior of the cool-
ing curves against the variation of Tc and Tb. In Fig. A.1
the solid line corresponds to the best fit obtained with
Tc,8 = 0.29 and Tb,8 = 4.1 ("2 = 0.54). The brown zone is
"2 < 2 with parameters in ranges, Tc,8 = (0.26! 0.32) and
Tb,8 = (3.9! 4.4).
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Fig.A.1. Comparison of our cooling curves for MXB1659!29
with BC09. Solid line is our best fit with !2 = 0.54 and the
dashed line is BC09 result. The brown region are our curves with
!2 < 2 corresponding to Tc,8 = 0.26! 0.32 and Tb,8 = 3.9! 4.4.
For all curves Ṁ18 = 0.1 is fixed.

We found that observations can be well described by our
cooling curves and they are in very good agreement with
BC09 results (dashed line).
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•Thermal evolution for the crust in quiescence for 
the five sources known

•Inclusion of the heated up envelope through the 
relation Tb(M) 

crust <-> envelope <-> outburst
•Constraints on 

-crust microphysics (Qimp, SF n gap)
-envelope composition (H/He fraction)

•Three sources are “deep crustal coolers” 
•Two sources are beyond crustal cooling

 additional heat sources?, buried B, thermal wall?
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Discutions and conclusions

1. We found, in concordance with Brown and Cumming (2009) and Shternin et al. (2007), that the light curve

of a cooling crust is a broken power law. The luminosity at late times is set by the core temperature, the slope

of the early part of the light curve depends strongly of the impurity content of and the temperature at the base

of the crust, Tb, and provides a direct measure of the flux in the outer crust.

2. The effect of increasing Zimp is to suppress electron conduction and delay the cooling (Fig. 5 left panel).

This can be understood in terms of the temperature profile after a burst: The conductivity in the inner crust

is lower, which results in large temperature gradient. The resulting hotter outer crust keeps the star surface

warmer and the cooling light curve falls down slowly.

3. Assuming, in a first approximation, a uniform heat distribution in the envelope, we fund a relation between

Tb and Ṁ and in this way, we reduced the number of free parameters. To improve this model, we can model

a density dependent heat distribution which we shall investigate in future work.

4. In Figures 5 and 6, we can see that the flux required to match the power-law slope between the first and

second observation is larger than the expectations from models of deep crustal heating (Gupta et al. 2007;

Haensel & Zdunik 2008). Early observations taken after a long accretion period are ideal for mapping out

nuclear heating in the outer crust.
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Fig. 6: Model light curves for MXB 1659-29

Fig. 5. Model light curve for KS 1731-260. Left panel:We keep all parameter fixed as we vary Zimp = 1,22. Right panel:Light
curve varying the impurity parameter and the accretion rate.
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In figures 5 and 6 we show the cooling curves that match the observational data for the systems KS 1731-260

and MXB 1659-29.

Fig4. Left panel: Temperature at the 4He!56Fe interface vs. the accretion rate (black line), and the ignition
4He temperature

of Schatz et al. 1999 (red line).Right panel: Temperature as function of the density for different accretion rates.
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Ours relation

For a given hydrostatic structure, the parameters that affect the light curves are the core temperature Tc,

the temperature at the top of the crust, Tb and the impurity parameter, Z2
imp = n!1

ion

!
i ni(Zi ! "Z#)2. The

accretion rate, Ṁ , which determines the heating rate in the crust, is uniquely related to the surface temperature

Ts while the temperature at the He ! Fe interface, Th, sets Tb (Fig. 4 right panel). In these way, the core

temperature and the accretion rate are basically constrained by the first and last data points.

Results

Boundary conditions

We assume a constant core temperature which we fit to reproduce the late time flux of the observations,

once the star has returned to its relaxed state after a burst. For the surface boundary condition, Brown &
Cumming (2009), fixed the temperature Tb at !b = 5 $ 108 g/cm3. This density is roughly where superburst

ignition occurs, and should demarcate the bottom of the region containing light element unstable reactions.

Instead, we integrate the steady-state thermal structure for the envelope considering the heat source owing to

thermonuclear reactions of light elements and find a relation between Tb and the accretion rate Ṁ . In these

integration we fix the envelope to be pure 4He down to a density ! = 2,6 $ 106 g/cm3, with a layer of pure
56Fe down to a density ! = 5 $ 108 g/cm3. Finally, during quiescence, we calculate the relation between the

surface temperature, Ts, and Tb by integrating the steady-state thermal structure of the NS envelope without

heating sources.

The NS thermal evolution can be described by the energy balance equation: cv"T/"t = !% .F +Q, where F
is the heat flux, cv is the specific heat per unit volume an Q is local energy losses/gains by neutrino emission,

Joule heating, accretion heating, etc.

Time-Dependent Heating and Neutrino Cooling

Fig3. Left panel: Heat sources in the crust. Right

panel: Non-equilibrium processes in the crust

of an accreting neutron stars assuming that the

X-ray ashes consist of pure 56 Fe. Pj and !j are

pressure and density at which the reaction takes

place. (Haensel & Zdunik 2008).
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Nuclear Heating

The NS in mass-transferring binaries accretes hydrogen and helium-rich material from their companions at

rates ranging from 1015 to 1018 g s!1. This matter undergoes thermonuclear fusion within hours to days of

reaching the neutron star surface, releasing & 5 MeV nucleon!1 for solar abundances. The nuclear burning

is thermally unstable on weakly magnetized NS (B ' 1011G) accreting at Ṁ < 1018 g s!1 and produces

energetic ( 1039 ergs) type I X-ray bursts when Ṁ < 1017 g s!1. For steady state models at high accretion

rates, the flux is dominated by the nuclear energy release from the conversion of hydrogen and helium to

heavy elements (Schatz et al. 1999). There is also energy generated in the crust due to electron captures,

neutron emission, and pycnonuclear reactions (Haensel & Zdunik 2008). However, these contributions to the

outgoing radiation are small (< 10 %), because heat released in the innermost parts of the crust is lost via

neutrino emission.
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Fig 2: Neutrino processes in the crust for different fixed T.

Neutrino emissivity in the NS crust

We consider all the relevant neutrino emission proces-

ses. At high temperatures, T ( 109 K, the dominant

process is the plasmon decay. At intermediate tempe-

ratures, T ( 5 $ 108 K, plasmon decay is only domi-

nant in the outer crust (Fig. 2), while electron-nuclei

Bremsstrahlung becomes more efficient in a large part

of the crust volume.

Fig1. Left panel: NS composition for the EoS employed. Number of particles per baryon as a function of the density, ye

(solid line), yn (dashed line), and xh (dashed-dotted lines). Right panel: Nuclear charge (red line) and mass (black line).
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To build the background NS model, we used a Skyrme-type equation of state (EoS), at zero temperature

to describe the nuclear matter in the core (Douchin & Haensel 2001). The outer crust is assumed to be a

strongly-cupled plasma of nuclei and electrons and the inner crust consists of a lattice of neutron rich nuclei

in equilibrium with a free neutron gas ( Haensel & Zdunik 2008 ). They consider a crust that, as a result from

accretion of matter onto a neutron star, is not in full thermodynamic equilibrium. To describe the envelope,

we calculated the EoS for fully ionized 4He plasma, which is a mix of a degenerate electron gas and an ideal

ion gas.

Microphysics inputs

Introduction
Low-mass X-ray binaries consist of either a neutron star or a black hole that accretes matter from a low-

mass companion star. These systems are most of the time in quiescent state where little accretion occurs

resulting in X-ray luminosities < 1034 erg s!1. However, during outbursts the mass-accretion rises with a

corresponding increase in luminosities in the range 1036-1039 erg s !1 (Cackett et al. 2006). The nature of

quiescent X-ray emission is a subject of debates (Cacket et al.2006), but here we focus on the hypothesis of

deep crustal heating of neutron stars (Brown, Bildstein & Rutledge 1998). It states that, when a neutron star

accretes, its crust is heated by nuclear reactions to a point beyond thermal equilibrium with the stellar interior.

Once accretion falls to quiescent levels, the crust cools thermally, emitting X-rays, until it reaches equilibrium

again with the core. Crust cooling curves allow us to probe the properties of neutron stars, such as, the kind

of core cooling processes at work (which depends on the equation of state of ultra dense matter) and the heat

conductivity of the crust (which varies with the composition, e.g with the impurity content).

Recently, evidence of a jet formation has been found in some LMXBs (low mass X-ray binaries). The relation between the accreted plasma pressure and the neutron star (NS) magnetic

field pressure seems to be the clue for the jet formation. A low magnetic field (< 107 ! 108G) at the NS surface is a necessary condition for an ejection event but it also depends on the
accretion rate Ṁ . On the other hand, recent monitoring of the quiescent thermal emission from the NS in LMXBs after active periods (bursts) opened a new outlook to the physics of

dense matter. The theoretical modeling of the thermal relaxation of the crust may be used to establish constraints on the thermal conductivity of matter, depending on the accretion rate

and magnetic field assumed. We present here numerical simulations of the cooling curves that fit the light curves for two sources (KS 1731-260, MXB 1659-29). We give values of model

inputs (accretion rate and thermal conductivity) that match the data. We compare our results with previous constraints for jet formation and speculate about a possible consistent picture

for LMXBs.
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Discutions and conclusions

1. We found, in concordance with Brown and Cumming (2009) and Shternin et al. (2007), that the light curve

of a cooling crust is a broken power law. The luminosity at late times is set by the core temperature, the slope

of the early part of the light curve depends strongly of the impurity content of and the temperature at the base

of the crust, Tb, and provides a direct measure of the flux in the outer crust.

2. The effect of increasing Zimp is to suppress electron conduction and delay the cooling (Fig. 5 left panel).

This can be understood in terms of the temperature profile after a burst: The conductivity in the inner crust

is lower, which results in large temperature gradient. The resulting hotter outer crust keeps the star surface

warmer and the cooling light curve falls down slowly.

3. Assuming, in a first approximation, a uniform heat distribution in the envelope, we fund a relation between

Tb and Ṁ and in this way, we reduced the number of free parameters. To improve this model, we can model

a density dependent heat distribution which we shall investigate in future work.

4. In Figures 5 and 6, we can see that the flux required to match the power-law slope between the first and

second observation is larger than the expectations from models of deep crustal heating (Gupta et al. 2007;

Haensel & Zdunik 2008). Early observations taken after a long accretion period are ideal for mapping out

nuclear heating in the outer crust.
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Fig. 6: Model light curves for MXB 1659-29

Fig. 5. Model light curve for KS 1731-260. Left panel:We keep all parameter fixed as we vary Zimp = 1,22. Right panel:Light
curve varying the impurity parameter and the accretion rate.

512 514 516 518 520
t (yr)

7e+05

8e+05

9e+05

1e+06

1,1e+06

1,2e+06

T
 (

K
)

Z
imp

=1.22, dM/dM
Edd

=0.5

Z
imp

=1.22, dM/dM
Edd

=0.6

Z
imp

=1.22, dM/dM
Edd

=0.7

Z
imp

=2.00, dM/dM
Edd

=0.6

KS 1731-260

T
c
=0.6x10

8
 K

512 514 516 518 520
t (yr)

7e+05

8e+05

9e+05

1e+06

1,1e+06

1,2e+06

T
 (

K
)

Z
imp

=1.22

Z
imp

=1.70

Z
imp

=1.50

Z
imp

=2.00

Z
imp

=2.5

KS 1731-260

T
c
=0.6x10

8
 K

dM/dM
Edd

=0.5

In figures 5 and 6 we show the cooling curves that match the observational data for the systems KS 1731-260

and MXB 1659-29.

Fig4. Left panel: Temperature at the 4He!56Fe interface vs. the accretion rate (black line), and the ignition
4He temperature

of Schatz et al. 1999 (red line).Right panel: Temperature as function of the density for different accretion rates.
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Ours relation

For a given hydrostatic structure, the parameters that affect the light curves are the core temperature Tc,

the temperature at the top of the crust, Tb and the impurity parameter, Z2
imp = n!1

ion

!
i ni(Zi ! "Z#)2. The

accretion rate, Ṁ , which determines the heating rate in the crust, is uniquely related to the surface temperature

Ts while the temperature at the He ! Fe interface, Th, sets Tb (Fig. 4 right panel). In these way, the core

temperature and the accretion rate are basically constrained by the first and last data points.

Results

Boundary conditions

We assume a constant core temperature which we fit to reproduce the late time flux of the observations,

once the star has returned to its relaxed state after a burst. For the surface boundary condition, Brown &
Cumming (2009), fixed the temperature Tb at !b = 5 $ 108 g/cm3. This density is roughly where superburst

ignition occurs, and should demarcate the bottom of the region containing light element unstable reactions.

Instead, we integrate the steady-state thermal structure for the envelope considering the heat source owing to

thermonuclear reactions of light elements and find a relation between Tb and the accretion rate Ṁ . In these

integration we fix the envelope to be pure 4He down to a density ! = 2,6 $ 106 g/cm3, with a layer of pure
56Fe down to a density ! = 5 $ 108 g/cm3. Finally, during quiescence, we calculate the relation between the

surface temperature, Ts, and Tb by integrating the steady-state thermal structure of the NS envelope without

heating sources.

The NS thermal evolution can be described by the energy balance equation: cv"T/"t = !% .F +Q, where F
is the heat flux, cv is the specific heat per unit volume an Q is local energy losses/gains by neutrino emission,

Joule heating, accretion heating, etc.

Time-Dependent Heating and Neutrino Cooling

Fig3. Left panel: Heat sources in the crust. Right

panel: Non-equilibrium processes in the crust

of an accreting neutron stars assuming that the

X-ray ashes consist of pure 56 Fe. Pj and !j are

pressure and density at which the reaction takes

place. (Haensel & Zdunik 2008).
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128Ni "126 Ni + 2n
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122 Cr + 2n # 2e! + 2"e
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Nuclear Heating

The NS in mass-transferring binaries accretes hydrogen and helium-rich material from their companions at

rates ranging from 1015 to 1018 g s!1. This matter undergoes thermonuclear fusion within hours to days of

reaching the neutron star surface, releasing & 5 MeV nucleon!1 for solar abundances. The nuclear burning

is thermally unstable on weakly magnetized NS (B ' 1011G) accreting at Ṁ < 1018 g s!1 and produces

energetic ( 1039 ergs) type I X-ray bursts when Ṁ < 1017 g s!1. For steady state models at high accretion

rates, the flux is dominated by the nuclear energy release from the conversion of hydrogen and helium to

heavy elements (Schatz et al. 1999). There is also energy generated in the crust due to electron captures,

neutron emission, and pycnonuclear reactions (Haensel & Zdunik 2008). However, these contributions to the

outgoing radiation are small (< 10 %), because heat released in the innermost parts of the crust is lost via

neutrino emission.
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Fig 2: Neutrino processes in the crust for different fixed T.

Neutrino emissivity in the NS crust

We consider all the relevant neutrino emission proces-

ses. At high temperatures, T ( 109 K, the dominant

process is the plasmon decay. At intermediate tempe-

ratures, T ( 5 $ 108 K, plasmon decay is only domi-

nant in the outer crust (Fig. 2), while electron-nuclei

Bremsstrahlung becomes more efficient in a large part

of the crust volume.

Fig1. Left panel: NS composition for the EoS employed. Number of particles per baryon as a function of the density, ye

(solid line), yn (dashed line), and xh (dashed-dotted lines). Right panel: Nuclear charge (red line) and mass (black line).
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To build the background NS model, we used a Skyrme-type equation of state (EoS), at zero temperature

to describe the nuclear matter in the core (Douchin & Haensel 2001). The outer crust is assumed to be a

strongly-cupled plasma of nuclei and electrons and the inner crust consists of a lattice of neutron rich nuclei

in equilibrium with a free neutron gas ( Haensel & Zdunik 2008 ). They consider a crust that, as a result from

accretion of matter onto a neutron star, is not in full thermodynamic equilibrium. To describe the envelope,

we calculated the EoS for fully ionized 4He plasma, which is a mix of a degenerate electron gas and an ideal

ion gas.

Microphysics inputs

Introduction
Low-mass X-ray binaries consist of either a neutron star or a black hole that accretes matter from a low-

mass companion star. These systems are most of the time in quiescent state where little accretion occurs

resulting in X-ray luminosities < 1034 erg s!1. However, during outbursts the mass-accretion rises with a

corresponding increase in luminosities in the range 1036-1039 erg s !1 (Cackett et al. 2006). The nature of

quiescent X-ray emission is a subject of debates (Cacket et al.2006), but here we focus on the hypothesis of

deep crustal heating of neutron stars (Brown, Bildstein & Rutledge 1998). It states that, when a neutron star

accretes, its crust is heated by nuclear reactions to a point beyond thermal equilibrium with the stellar interior.

Once accretion falls to quiescent levels, the crust cools thermally, emitting X-rays, until it reaches equilibrium

again with the core. Crust cooling curves allow us to probe the properties of neutron stars, such as, the kind

of core cooling processes at work (which depends on the equation of state of ultra dense matter) and the heat

conductivity of the crust (which varies with the composition, e.g with the impurity content).

Recently, evidence of a jet formation has been found in some LMXBs (low mass X-ray binaries). The relation between the accreted plasma pressure and the neutron star (NS) magnetic

field pressure seems to be the clue for the jet formation. A low magnetic field (< 107 ! 108G) at the NS surface is a necessary condition for an ejection event but it also depends on the
accretion rate Ṁ . On the other hand, recent monitoring of the quiescent thermal emission from the NS in LMXBs after active periods (bursts) opened a new outlook to the physics of

dense matter. The theoretical modeling of the thermal relaxation of the crust may be used to establish constraints on the thermal conductivity of matter, depending on the accretion rate

and magnetic field assumed. We present here numerical simulations of the cooling curves that fit the light curves for two sources (KS 1731-260, MXB 1659-29). We give values of model

inputs (accretion rate and thermal conductivity) that match the data. We compare our results with previous constraints for jet formation and speculate about a possible consistent picture

for LMXBs.
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Fig. 2. Accreted crust composition (stars, circles) for 56Fe burn-
ing ashes (HZ08) in comparison to the non-accreted crust (solid
lines) (Douchin & Haensel 2001).

Throughout this work, we consider the gap calculated by
Schwenk et al. (2003) unless we state otherwise.

3.2. Crust composition and crustal heat sources

Accordingly to theoretical models, as the matter is accreted
it compresses the material and induces nuclear reactions
in the envelope and crust, which modify their composition
respect to the non-accreted state. Main processes are:

– thermonuclear reactions due to light elements (H, He)
burning in the envelope,

– electron captures in the outer crust, and
– neutron emissions and pycnonuclear reactions in the in-

ner crust.

In this section we describe crust properties and we will
focus on the envelope ones in Sec. 5.

The crust of an accreting NS can be entirely replaced after
an accretion period of several years, thus, its composition
can be significantly di!erent from that of an isolated NS,
as we can see in Fig. 2 (HZ08, BC09). We plot in this
figure the mass number A (circles) and the nuclear charge
Z (stars) as a function of the density along the NS crust
assuming that initial ashes are 56Fe; solid lines denote the
non accreted composition.

In the outer crust electron captures occurs in two
steps. First, in a quasi equilibrium way and releasing
a negligible amount of energy, the capture leads to an
odd-odd nucleus (both Z and A are odd) which is strongly
unstable in dense medium. Then, the unstable nucleus
captures another electron in a non equilibrium way, this
time releasing enough energy to heat the matter. This
mechanism translates into a systematic decreasing of Z in
Fig. 2, while A remains constant for densities lower than
!ND (see Sec. 2.1 of HZ08 for details).

In the inner crust, at densities above !ND, there are
neutron emissions in addition to electron captures which
makes A to decrease. This happens until high enough den-
sities at which the Coulomb barrier gets lower; at this point
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Fig. 3. Released energy per nucleon by electron captures,
neutron emissions and pycnonuclear reactions for 56Fe ashes
(HZ08). The colored band shows the location of additional
sources considered in section 9.2.

the mean distance between nucleus diminishes and quan-
tum zero-point vibrations increase leading to pycnonuclear
reactions which results in jumps in A. In Fig. 2 we can ob-
serve that the composition changes abruptly with depth,
the jumps correspond to the location of thresholds for py-
cnonuclear reactions.

Finally, Fig. 3 shows heat sources calculated by HZ08
assuming 56Fe initial ashes composition. We can see that
the biggest amount of energy is released in the inner crust
by the pycnonuclear reactions; the total heat per nucleon
released in the outer crust is 0.2 MeV.nuc!1 in contrast
to 1.7 MeV.nuc!1 deposited in the inner crust. Additional
heat sources in the outer crust will be considered when
analyzing the observational data in Sec. 9.2.

The heat deposited in the outer crust by sources of much
less intensity (! 100 keV nucl!1) than the corresponding
pynonuclear in the inner crust has a comparative larger
e!ect on the NS cooling evolution. Shallow heat influences
directly increasing the surface temperature and resulting in
a slower cooling, specially at early times, as we will show
later in this work.

3.3. Transport properties and neutrino emission

The processes that dominate the crust thermal conductivity
depend (strongly) on the temperature and on the density.
While electron-phonon scattering dominates at low densi-
ties in the outer crust, electron-impurity scattering is the
most important process at higher densities in the inner
crust. To calculate these processes, we used the public code
of Potekhin2.

An important parameter for setting thermal conductiv-
ity is the impurity parameter, defined as:

Z2
imp = Qimp = n!1

ion

!
i

ni(Zi " #Z$)2 (1)

As its value is unknown, it provides an uncertain in
the thermal conductivity. Large values of this parameter

2 http://www.io!e.rssi.ru/astro/conduct/condmag.html
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Table 2. NS configurations used in this work: mass M , central
density !0, stellar radius R, surface gravity g and crust width
!Rc

M !0 R g !Rc

(M!) (1014 g cm"3) (km) (1014 cm s"2) (m)
1.4 9.88 11.79 1.34 944
1.6 11.65 11.61 1.58 735
1.8 14.40 11.31 1.88 569

XTEJ1701!462 but with a temperature variability in the
overall cooling of only "(100-80) eV.

Another point to remark is that first observations
for KS 1731!260, MXB1659!29, EXO0748!676 and
IGRJ17480!2446 were performed not before 25 days af-
ter the end of the outburst. Thus, important information
about the first stage of cooling of these sources is missed.
Conversely, XTEJ1701!462 was observed three times in
the first 20 days (the first observation was only 3 days after
the end of the outburst). The existence of these early data
is a qualitative di!erence with respect to MXB1659!29
or KS 1731!260. In particular, it carries important details
about the physics of the outer layers of the NS, which
are directly involved in the after-burst cooling. Contrarily,
EXO0748!676 has an uncertain date for the end of the
outburst phase, being poorly constraint in a period of 7
weeks Degenaar et al. (2011b).

3. Baseline model

3.1. Equation of state.

At low density we use the BBP Baym et al. (1971) equa-
tion of state. The crust-envelope interface is placed at
(5 ! 6) # 108 g cm3 and we continue using BBP EoS to
describe the crust up to the density 1.49 # 109 g cm!3.
To take into account the e!ects of the accretion in the
crust composition, we use the EoS presented in HZ08 in
the range ! = (1.49 # 109 ! 3.5 # 1013) g cm!3. This is
a BBP-like EoS but modified by non-equilibrium nuclear
reactions in the crust (see next Section). To describe the
very high density region in the inner crust and the core we
use Douchin & Haensel (2001), a Skyrme-type EoS which
considers a nucleon-nucleon SLy e!ective interaction. For
this chosen EoS the crust-core interface is at 0.5 !0, where
!0 = 2.8# 1014 g cm!3 is the nuclear saturation density.

Throughout this paper we use three di!erent NS models
with masses: M = 1.4 M", 1.6 M" and 1.8 M". Their
properties are listed in Tab. 2 where we can observe how the
crust width decreases as the mass increases; as we will show
later this directly influences the crustal relaxation time.

3.2. Superfluidity

Nucleon pairing does not a!ect the EoS but it can play
an important role in NS cooling since it strongly modifies
the specific heat and neutrino emissivities of dense mat-
ter. Following Kaminker et al. (2001) and Andersson et al.
(2005), we use a phenomenological formula for the momen-
tum dependence of the neutron energy gap at zero temper-
ature given by

"(kF ) = "0
(kF ! k0)2

(kF ! k0)2 + k1

(kF ! k2)2

(kF ! k2)2 + k3
(1)
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Fig. 2. Fermi momentum dependence of the critical temperature
and gaps !(T = 0). The neutron singlet gap is related with the
critical temperature by Tcrit = 0.56!(T = 0) (see right axis).
References: (a) Sch03 gap (Schwenk et al. 2003); (b) deep gap;
(c) small gap; (d) Wambach et al. (1993)

Table 3. Parametrization and references of the energy gaps for
superfluid states

Label !0 k0 k1 k2 k3
(MeV) (fm"1) (fm"1) (fm"1) (fm"1)

a 72.7 0.1 6.2 1.5 2.79
b 4.0 0.4 1.5 1.65 0.05
c 20.7 0.1 6.2 1.5 2.79

References. (a) Sch03 gap; (b) deep gap; (c) small gap

where kF = (3"2n)1/3 is the Fermi momentum of neutrons
and the parameters "0 and ki, i = 1..4 are values fitted to
microphysical calculations listed in Tab. 3. This expression
is valid for k0 < kF < k2, with vanishing " outside this
range.

The Fermi momentum dependence of the gaps is plot-
ted in Fig. 2. The bare interaction predicts a maximum gap
"max $ 3 MeV (Schulze et al. 1998), but polarization ef-
fects reduce it by a factor 2-3. The corresponding critical
temperatures for the s-wave can be approximately calcu-
lated as Tcrit = 0.56"(T = 0). It is important to remark
that at high densities the crustal temperatures for the five
sources studied in this work are always lower than the corre-
sponding critical temperatures. Thus, neutrons are already
in a superfluid state in the inner crust. Unless otherwise
stated, we consider the parameters set by Schwenk et al.
(2003) in our simulations.

3.3. Crust composition

The crust of an accreting NS can be entirely replaced after
an accretion period of several years. Thus, its composition
can be significantly di!erent from that of isolated NSs, as
we can see in Fig. 3 (HZ08, BC09), which shows the mass
number A (circles) and the nuclear charge Z (stars) as a
function of the density along the NS crust assuming that
initial ashes are 56Fe; solid lines denote the non accreted

6
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Fig. 2. Accreted crust composition (stars, circles) for 56Fe burn-
ing ashes (HZ08) in comparison to the non-accreted crust (solid
lines) (Douchin & Haensel 2001).

Throughout this work, we consider the gap calculated by
Schwenk et al. (2003) unless we state otherwise.

3.2. Crust composition and crustal heat sources

Accordingly to theoretical models, as the matter is accreted
it compresses the material and induces nuclear reactions
in the envelope and crust, which modify their composition
respect to the non-accreted state. Main processes are:

– thermonuclear reactions due to light elements (H, He)
burning in the envelope,

– electron captures in the outer crust, and
– neutron emissions and pycnonuclear reactions in the in-

ner crust.

In this section we describe crust properties and we will
focus on the envelope ones in Sec. 5.

The crust of an accreting NS can be entirely replaced after
an accretion period of several years, thus, its composition
can be significantly di!erent from that of an isolated NS,
as we can see in Fig. 2 (HZ08, BC09). We plot in this
figure the mass number A (circles) and the nuclear charge
Z (stars) as a function of the density along the NS crust
assuming that initial ashes are 56Fe; solid lines denote the
non accreted composition.

In the outer crust electron captures occurs in two
steps. First, in a quasi equilibrium way and releasing
a negligible amount of energy, the capture leads to an
odd-odd nucleus (both Z and A are odd) which is strongly
unstable in dense medium. Then, the unstable nucleus
captures another electron in a non equilibrium way, this
time releasing enough energy to heat the matter. This
mechanism translates into a systematic decreasing of Z in
Fig. 2, while A remains constant for densities lower than
!ND (see Sec. 2.1 of HZ08 for details).

In the inner crust, at densities above !ND, there are
neutron emissions in addition to electron captures which
makes A to decrease. This happens until high enough den-
sities at which the Coulomb barrier gets lower; at this point
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Fig. 3. Released energy per nucleon by electron captures,
neutron emissions and pycnonuclear reactions for 56Fe ashes
(HZ08). The colored band shows the location of additional
sources considered in section 9.2.

the mean distance between nucleus diminishes and quan-
tum zero-point vibrations increase leading to pycnonuclear
reactions which results in jumps in A. In Fig. 2 we can ob-
serve that the composition changes abruptly with depth,
the jumps correspond to the location of thresholds for py-
cnonuclear reactions.

Finally, Fig. 3 shows heat sources calculated by HZ08
assuming 56Fe initial ashes composition. We can see that
the biggest amount of energy is released in the inner crust
by the pycnonuclear reactions; the total heat per nucleon
released in the outer crust is 0.2 MeV.nuc!1 in contrast
to 1.7 MeV.nuc!1 deposited in the inner crust. Additional
heat sources in the outer crust will be considered when
analyzing the observational data in Sec. 9.2.

The heat deposited in the outer crust by sources of much
less intensity (! 100 keV nucl!1) than the corresponding
pynonuclear in the inner crust has a comparative larger
e!ect on the NS cooling evolution. Shallow heat influences
directly increasing the surface temperature and resulting in
a slower cooling, specially at early times, as we will show
later in this work.

3.3. Transport properties and neutrino emission

The processes that dominate the crust thermal conductivity
depend (strongly) on the temperature and on the density.
While electron-phonon scattering dominates at low densi-
ties in the outer crust, electron-impurity scattering is the
most important process at higher densities in the inner
crust. To calculate these processes, we used the public code
of Potekhin2.

An important parameter for setting thermal conductiv-
ity is the impurity parameter, defined as:

Z2
imp = Qimp = n!1

ion

!
i

ni(Zi " #Z$)2 (1)

As its value is unknown, it provides an uncertain in
the thermal conductivity. Large values of this parameter

2 http://www.io!e.rssi.ru/astro/conduct/condmag.html
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Table 2. NS configurations used in this work: mass M , central
density !0, stellar radius R, surface gravity g and crust width
!Rc

M !0 R g !Rc

(M!) (1014 g cm"3) (km) (1014 cm s"2) (m)
1.4 9.88 11.79 1.34 944
1.6 11.65 11.61 1.58 735
1.8 14.40 11.31 1.88 569

XTEJ1701!462 but with a temperature variability in the
overall cooling of only "(100-80) eV.

Another point to remark is that first observations
for KS 1731!260, MXB1659!29, EXO0748!676 and
IGRJ17480!2446 were performed not before 25 days af-
ter the end of the outburst. Thus, important information
about the first stage of cooling of these sources is missed.
Conversely, XTEJ1701!462 was observed three times in
the first 20 days (the first observation was only 3 days after
the end of the outburst). The existence of these early data
is a qualitative di!erence with respect to MXB1659!29
or KS 1731!260. In particular, it carries important details
about the physics of the outer layers of the NS, which
are directly involved in the after-burst cooling. Contrarily,
EXO0748!676 has an uncertain date for the end of the
outburst phase, being poorly constraint in a period of 7
weeks Degenaar et al. (2011b).

3. Baseline model

3.1. Equation of state.

At low density we use the BBP Baym et al. (1971) equa-
tion of state. The crust-envelope interface is placed at
(5 ! 6) # 108 g cm3 and we continue using BBP EoS to
describe the crust up to the density 1.49 # 109 g cm!3.
To take into account the e!ects of the accretion in the
crust composition, we use the EoS presented in HZ08 in
the range ! = (1.49 # 109 ! 3.5 # 1013) g cm!3. This is
a BBP-like EoS but modified by non-equilibrium nuclear
reactions in the crust (see next Section). To describe the
very high density region in the inner crust and the core we
use Douchin & Haensel (2001), a Skyrme-type EoS which
considers a nucleon-nucleon SLy e!ective interaction. For
this chosen EoS the crust-core interface is at 0.5 !0, where
!0 = 2.8# 1014 g cm!3 is the nuclear saturation density.

Throughout this paper we use three di!erent NS models
with masses: M = 1.4 M", 1.6 M" and 1.8 M". Their
properties are listed in Tab. 2 where we can observe how the
crust width decreases as the mass increases; as we will show
later this directly influences the crustal relaxation time.

3.2. Superfluidity

Nucleon pairing does not a!ect the EoS but it can play
an important role in NS cooling since it strongly modifies
the specific heat and neutrino emissivities of dense mat-
ter. Following Kaminker et al. (2001) and Andersson et al.
(2005), we use a phenomenological formula for the momen-
tum dependence of the neutron energy gap at zero temper-
ature given by
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Fig. 2. Fermi momentum dependence of the critical temperature
and gaps !(T = 0). The neutron singlet gap is related with the
critical temperature by Tcrit = 0.56!(T = 0) (see right axis).
References: (a) Sch03 gap (Schwenk et al. 2003); (b) deep gap;
(c) small gap; (d) Wambach et al. (1993)

Table 3. Parametrization and references of the energy gaps for
superfluid states

Label !0 k0 k1 k2 k3
(MeV) (fm"1) (fm"1) (fm"1) (fm"1)

a 72.7 0.1 6.2 1.5 2.79
b 4.0 0.4 1.5 1.65 0.05
c 20.7 0.1 6.2 1.5 2.79

References. (a) Sch03 gap; (b) deep gap; (c) small gap

where kF = (3"2n)1/3 is the Fermi momentum of neutrons
and the parameters "0 and ki, i = 1..4 are values fitted to
microphysical calculations listed in Tab. 3. This expression
is valid for k0 < kF < k2, with vanishing " outside this
range.

The Fermi momentum dependence of the gaps is plot-
ted in Fig. 2. The bare interaction predicts a maximum gap
"max $ 3 MeV (Schulze et al. 1998), but polarization ef-
fects reduce it by a factor 2-3. The corresponding critical
temperatures for the s-wave can be approximately calcu-
lated as Tcrit = 0.56"(T = 0). It is important to remark
that at high densities the crustal temperatures for the five
sources studied in this work are always lower than the corre-
sponding critical temperatures. Thus, neutrons are already
in a superfluid state in the inner crust. Unless otherwise
stated, we consider the parameters set by Schwenk et al.
(2003) in our simulations.

3.3. Crust composition

The crust of an accreting NS can be entirely replaced after
an accretion period of several years. Thus, its composition
can be significantly di!erent from that of isolated NSs, as
we can see in Fig. 3 (HZ08, BC09), which shows the mass
number A (circles) and the nuclear charge Z (stars) as a
function of the density along the NS crust assuming that
initial ashes are 56Fe; solid lines denote the non accreted
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Fig. 16. Constraints for MXB1659!29, KS 1731!260,
EXO0748!676, and IGRJ17480!2446 in the Tc-Qimp param-
eter space satisfying !2 < 1, 2 (dark, light zones respectively)
varying the envelope composition. Deep gap and 1.6M! are
assumed.

Table 5. Best fits for MXB1659!29, KS 1731!260, and
EXO0748!676 with PAX envelope model: neutron star mass
M, H-fraction X, core temperature Tc and impurities Qimp, con-
sidering a deep gap. Rows highlighted in grey correspond to a
canonical model that fits the three sources simultaneously.

Source M X Tc,8 Qimp !2
min

[M!] [%]

MXB1659!29 1.4 98% 0.38±0.04 1.2 1.18

1.6 92 0.31±0.01 2.6 0.94

KS 1731!260 1.4 70-95 0.53+0.04
"0.06 2.6 0.69

1.6 80-87 0.46+0.02
"0.03 3.8 0.87

EXO0748!676 1.4 87 1.45+0.04
"0.09 1.0 0.58

1.6 70 1.25+0.07
"0.05 1.00 0.57

3. the energy gap for neutron superfluidity has a relatively
small maximum value (! 0.1MeV) or it is peaked at
deep densities close to the crust-core interface (! "
1014 g cm!3),

4. the impurity parameter is Qimp ! 5

Based on this analysis we call these three sources stan-
dard crustal coolers; despite of their di!erences, their qui-
escent emission can be explained by means of the heat re-
leased by pycnonuclear reactions deep in the inner crust, as
long as NS models and microphysics are adjusted. There are
two other sources, XTEJ1701#462 and IGRJ17480#2446
for which this assumption is not su"cient to account for
their quiescent emission and additional heat sources in the
outer crust/envelope, residual accretion or new processes
a!ecting the thermal conductivity of the crust have to be
assumed, as we discuss next.

9. Beyond crustal cooling

The peculiar observational data of XTEJ1701#462 and
IGRJ17480#2446 require models that include additional
considerations beyond the deep crustal cooling model con-
trolled by pycnonuclear reactions and electron captures in

the inner crust. In this Section we investigate scenarios that
could help to understand the quiescent emission for these
warm sources: an extra heat deposition in the outer crust,
a modified heat flow due to a buried magnetic field or resid-
ual accretion as responsible for the increment/variability in
the temperature.

9.1. Extra heat in the outer crust?

Previous work on the heat released in the outer crust
include Gupta et al. (2007) that calculated the energy
liberated due to all thermonuclear reactions assuming a
one-component plasma and found values "0.2 MeVnuc!1.
Later, Horowitz et al. (2008) calculated reaction rates of
24O and 28Ne for a multicomponent plasma and found that
a composition in which (3# 10)% of the ions are 24O, gives
place to reactions which release 0.52 MeVnuc!1 and occur
at a density of " 1011 g cm!3. This energy could indeed
influence the thermal state of the source going into quies-
cence.

Since the crustal cooling timescale depends on the initial
thermal profile, if this is peaked in the outer crust (typi-
cally 108-109 gr cm!3, see Fig. 18), it may give a plausible
explanation for the break observed at " 20 # 150 days in
XTEJ1701#462 (Fig. 2d). Additional heat sources located
in the outer crust releasing large enough energy per nucleon
could account for such kind of initial profiles (Fridriksson
et al. (2010), BC09, Degenaar & Wijnands (2011a)), as we
show next for XTEJ1701#462 and IGRJ17480#2446.
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Fig. 17. Heat sources that influence on the initial thermal pro-
file.

XTE J1701#462

This is the most peculiar source: in two observations, XMM-
3 and CXO-4, it shows a sudden increase in the temperature
which lacks of explanation so far. Ignoring these two obser-
vations, the exponential fit gives the shortest e-folding time
" 100 days and the broken power law fit predicts a break
in the slope around "25–80 days (Fridriksson et al. 2011)
(much earlier than the other sources). BC09 suggested that
the break is due to the suppression of the specific heat in
the transition from a classical to a quantum crystal. They
estimated the time at which the break occurs (the di!usion
time of the thermal flow from the density at which this
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A.2. KS 1731!260 results with BC09 and Sht07

We compare in Fig. A.2 our cooling curves for KS 1731!260
with previous results of Sht07 (top panel) and BC09 (bot-
tom panel). The dashed line in the top panel is taken from
from Sht07 and the solid line is our result obtained by let-
ting Tb to evolve freely (as in Sec. 6). We consider Ṁ ,
Tc and Qimp as free parameters, and find that data can
be explained with the values Ṁ18 = 0.28, Tc,8 = 0.46
and Qimp = 2, respectively. The NS mass is 1.6 M! and
the neutron superfluidity energy gap in the crust is that
of Wambach et al. (1993) (moderate superfluidity case in
Sht07). For a better comparison of the results we show in
addition to Cackett et al. (2010a) data (considered so far),
observations from Cackett et al. (2006) (open circles) with
2! error bars, which are the ones considered by Sht07.
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(a) Solid line is our curve with Qimp = 2. Dashed curve is
from Sht07.
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(b) Solid curve is our best fit with !2 = 0.5. Fixed param-
eters are Ṁ18 = 0.1 and Qimp = 1.5. Brown region corre-
sponds to !2 < 2 with free parameters varying in ranges,
Tc,8 = (0.45! 0.51) and Tb,8 = (2.5! 3.4).

Fig.A.2. Comparison of our results for KS 1731!260 with
Sht07 (upper panel) and BC09 (bottom panel). Solid curves are
our fits and dashed and dotted dashed curves are Sht07 and
BC09 results, respectively. M = 1.6 M! is fixed for all. The last
observation (with a red square) was reported after the publica-
tion of those works.

In the bottom panel we compare our results with BC09,
now Tb is fixed during outburst to a constant value (as in
Sec. 6) and perform simulations were Tc, Tb and Qimp vary
as free parameters. The doted-dashed line was taken from
BC09 and the solid curve is our best fit with "2 = 0.5.
The brown region corresponds to Tc,8 = (4.5 ! 5.0) and
Tb,8 = (2.5 ! 3.2) with "2 < 2; all these curves consider
Qimp = 1.5 (the same value was used in BC09). The NS
mass is fixed to 1.6 M! and we consider the Sch03 energy
gap for neutron superfluidity in the crust.

We conclude that our curves are in good agreement with
previous results, giving us confidence about our work.
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Fig. 7. Thermal evolution considering fixed (solid lines) or free
(dashed lines) temperature during outburst T out

b .

Note that the initial thermal profile suitable to explain the
data (brown ellipses in Fig. 7c) has an inverted temper-
ature gradient and hence an inward-directed heat flux as
explained in detail in BC09. As it was assumed there, the
(arbitrary) value of T 0

b ! T out
b (t = t0) is crucial to explain

the early decay. To illustrate this point we plot the case
when T out

b,8 (t " t0) is not held fixed, but instead, it evolves
freely (dashed curves) controlled only by deep crustal heat-
ing (HZ08). Such curves fail to explain observations in the
early cooling and a larger value of T 0

b is necessary, as we
can see from cooling curves (Fig. 7c).

At each time, the surface temperature reflects the ini-
tial conditions at a particular depth. Deeper, the crust did
not have time to relax and exhibits roughly the initial ther-
mal profile. Thus, each depth (or density) corresponds to
an evolutionary time. The early cooling (first # 300 days)
is controlled by the physics of the outer crust and the ini-
tial thermal profile, which depends strongly on Ṁ and on
tacc (see Eqs. 10-11 of BC09). The following epoch cor-
responds to the inner crust thermal relaxation, (approx.
# (300$1000) days) and is determined by electron-impurity
scattering. After # 400 days the suppression of the neutron
gas specific heat by nucleon pairing is evidenced by the tem-
perature fall and the subsequent slope is mostly controlled
by the pairing gap strength: a big energy gap suppresses
the specific heat more e!ciently causing an steeper fall.
The cooling curve tail reflects the core thermal state (at
t ! 1000 days) which temperature remains nearly constant.
We have checked that the core temperature is not modified,
unless the accretion period lasts for about 100 yrs.

6.2. Heated up envelope or wrong accretion rate?

To show how critical is the value of T 0
b for the early de-

cay, we also explore the case with T out
b (t " t0) freely

evolving. BC09 estimated that its value cannot rise to
108 K only by means of deep crustal heating (HZ08
sources) and that the required energy release in the outer
crust is % 0.8MeVnuc!1 for Ṁ18 = 0.1, well above
that provided by electron captures (Gupta et al. (2007)
and HZ08). Moreover, it must be released at a density
" 3& 1010 gr cm!1, which is again below the density range
of electron captures or other known reactions in the outer
crust (like 24O burning, Horowitz et al. (2008)).

Here a comment on the new works?

We note that the steep fall in the inverted tempera-
ture gradient of the initial thermal profile is necessary to
account for the relatively high temperature of the first ob-
servation (T % 120 eV at 40 days) followed by the moder-
ate value of the second one (T % 90 eV at 300 days), see
Fig. 8. Our results show that this profile is indeed di!cult
to achieve unless an extra heating source is assumed to be
coming from a low density layer. It could be either from
the heated up envelope during outburst (that modifies the
boundary condition for the cooling through the value of T 0

b )
or from the heat released by shallow sources in the outer
crust. This fact was implicitly assumed in BC09 when T 0

b,8
was fixed to a relatively high value % 4. Alternatively, it
has been proposed that MXB1659$29 has been accreting
at the Eddington rate Ṁ18 # 1, overestimating Ṁobs for
MXB1659$29 by about one order of magnitude (Sht07).

We perform simulations of these two possibilities: ex-
tra shallow heat deposition or increased accretion rates. In
the first case we consider the location of additional sources
to vary in the range !̄10 # (0.08 $ 1) (where !10 is ! in
1010 g cm!3) with radial width "r = 5 m and a released
energy of 1.6 MeVnuc!1 while keeping Ṁ18 = 0.1 (left

11
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Fig. 7. Thermal evolution considering fixed (solid lines) or free
(dashed lines) temperature during outburst T out

b .

Note that the initial thermal profile suitable to explain the
data (brown ellipses in Fig. 7c) has an inverted temper-
ature gradient and hence an inward-directed heat flux as
explained in detail in BC09. As it was assumed there, the
(arbitrary) value of T 0

b ! T out
b (t = t0) is crucial to explain

the early decay. To illustrate this point we plot the case
when T out

b,8 (t " t0) is not held fixed, but instead, it evolves
freely (dashed curves) controlled only by deep crustal heat-
ing (HZ08). Such curves fail to explain observations in the
early cooling and a larger value of T 0

b is necessary, as we
can see from cooling curves (Fig. 7c).

At each time, the surface temperature reflects the ini-
tial conditions at a particular depth. Deeper, the crust did
not have time to relax and exhibits roughly the initial ther-
mal profile. Thus, each depth (or density) corresponds to
an evolutionary time. The early cooling (first # 300 days)
is controlled by the physics of the outer crust and the ini-
tial thermal profile, which depends strongly on Ṁ and on
tacc (see Eqs. 10-11 of BC09). The following epoch cor-
responds to the inner crust thermal relaxation, (approx.
# (300$1000) days) and is determined by electron-impurity
scattering. After # 400 days the suppression of the neutron
gas specific heat by nucleon pairing is evidenced by the tem-
perature fall and the subsequent slope is mostly controlled
by the pairing gap strength: a big energy gap suppresses
the specific heat more e!ciently causing an steeper fall.
The cooling curve tail reflects the core thermal state (at
t ! 1000 days) which temperature remains nearly constant.
We have checked that the core temperature is not modified,
unless the accretion period lasts for about 100 yrs.

6.2. Heated up envelope or wrong accretion rate?

To show how critical is the value of T 0
b for the early de-

cay, we also explore the case with T out
b (t " t0) freely

evolving. BC09 estimated that its value cannot rise to
108 K only by means of deep crustal heating (HZ08
sources) and that the required energy release in the outer
crust is % 0.8MeVnuc!1 for Ṁ18 = 0.1, well above
that provided by electron captures (Gupta et al. (2007)
and HZ08). Moreover, it must be released at a density
" 3& 1010 gr cm!1, which is again below the density range
of electron captures or other known reactions in the outer
crust (like 24O burning, Horowitz et al. (2008)).

Here a comment on the new works?

We note that the steep fall in the inverted tempera-
ture gradient of the initial thermal profile is necessary to
account for the relatively high temperature of the first ob-
servation (T % 120 eV at 40 days) followed by the moder-
ate value of the second one (T % 90 eV at 300 days), see
Fig. 8. Our results show that this profile is indeed di!cult
to achieve unless an extra heating source is assumed to be
coming from a low density layer. It could be either from
the heated up envelope during outburst (that modifies the
boundary condition for the cooling through the value of T 0

b )
or from the heat released by shallow sources in the outer
crust. This fact was implicitly assumed in BC09 when T 0

b,8
was fixed to a relatively high value % 4. Alternatively, it
has been proposed that MXB1659$29 has been accreting
at the Eddington rate Ṁ18 # 1, overestimating Ṁobs for
MXB1659$29 by about one order of magnitude (Sht07).

We perform simulations of these two possibilities: ex-
tra shallow heat deposition or increased accretion rates. In
the first case we consider the location of additional sources
to vary in the range !̄10 # (0.08 $ 1) (where !10 is ! in
1010 g cm!3) with radial width "r = 5 m and a released
energy of 1.6 MeVnuc!1 while keeping Ṁ18 = 0.1 (left

11

The initial thermal profile 

Saturday, September 27, 2014



A. Turlione, D.N. Aguilera and J. A. Pons: Quiescent thermal emission from neutron stars in LMXBs

0.01 0.1 1
!8 (g cm-3)

FA

NA Fe

Fe

Fe

!sup,8~10-9 !b,8=5.6

!h (M, X)

H, He

H, HePAX

(a) For NA model, the density !h ! !sup, for FA !h ! !b,
and for PAX, !h depends on the accretion mass Ṁ and H
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Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly

9
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fraction X calculated from Eq. 8

7.6 7.8 8 8.2 8.4 8.6 8.8 9
log(Tb/K)

6

6.2

6.4

6.6

lo
g(
T s
/K
)

FA
PA20
PA90
NA

BC09
GPE83

(b) Comparison of our envelope models with previous work

Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly
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Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly
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fraction X calculated from Eq. 8

7.6 7.8 8 8.2 8.4 8.6 8.8 9
log(Tb/K)

6

6.2

6.4

6.6

lo
g(
T s
/K
)

FA
PA20
PA90
NA

BC09
GPE83

(b) Comparison of our envelope models with previous work

Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):

Tign,He !
1.83# 108K

#1/10Y 3/10(µg14y28)
1/5

(10)

Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly
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Fig. 4. Envelope models used: non-accreted (NA), partial ac-
creted with H fraction X (PAX), and fully accreted envelope
(FA)

as in the former section, but now considering the heat pro-
duced by thermonuclear reactions in the envelope included
in Qṁ.

Following Bildsten (1997), we assume steady-state equi-
librium burning, ie. the matter burns at the same rate it is
accreted. In such scenario, we can define the steady-state
heating flux as: F = Enucṁ, where Enuc is the nuclear en-
ergy released per unit of mass. During the calculations, we
assume a fixed envelope composition, ie. the light elements
abundances do not depend on density and time, so we do
not track the evolution of the envelope composition during
burning. In order to do that it would be necessary to solve
a continuity equation for each element in a consistent way
with the heat di!usion equation, which is far beyond the
scope of this work.

During burning, most of the released energy is due to
the fusion of H and He to heavier elements. Two reactions
dominate the generation of energy: the hot CNO cycle and
He burning through the triple alpha reaction. For global
accretion rates in the interest range, i.e Ṁ18 ! 0.01" 1.00,

the temperature and density of the burning zone are high
enough to activate the hot CNO cycle, which it is not tem-
perature dependent, and hence it is stable against thermal
perturbations. Its energy generation rate is:

!h = 5.8# 1015ZCNO erg g!1 s!1, (7)

where ZCNO is the mass fraction of CNO in the accreting
matter.

The other relevant process is the He burning which has
an energy generation rate of

!3! = 5.3# 1021"25 Y
3 exp("44/T8)

T 3
8

erg g!1 s!1, (8)

where "5 is the density in 105 g cm!3. This process can lead
to unstable burning since it is temperature-dependent.

In a steady-state scenario, a light element depletes at
the depth where the time it takes for an element to cross
a characteristic distance equals the time it takes to burn.
So, for a given accretion rate and envelope composition
we calculate the depths yH,yHe (or corresponding densities
"H,"He, see Fig. 5) at which they start to burn from

Eh ṁX = !h yH for H

E3! ṁ Y = !3! yHe for He (9)

where Eh = 6.4#1018erg g!1 and E3! = 5.84#1017erg g!1.
Heavy elements appear at the density "h, where He

burning turns unstable. Assuming that the most relevant
contribution to opacity at low densities (" < 105# g cm!3)
is due to Thompson scattering, the He ignition temperature
can be expressed as function of depth through a simple re-
lation (Bildsten (1997)):
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Thus, we use the stationary cooling model for an enve-
lope in the accretion phase and let our thermal profile reach
Tign,He which determines "h, as shown in Fig. 5.

Stationary thermal profiles corresponding to PA30 and
PA90 envelope models (solid curves) for di!erent accretion
rates Ṁ18 = 0.01" 1 are shown in Fig. 5a and Fig. 5b, re-
spectively. The region in between dashed-dotted lines cor-
responds to unstable He burning; we also indicate the den-
sity at which light elements burning begins (dashed lines).
The higher the accretion rate, the lower the burning depth,
and for PA90 and Ṁ18 ! 0.7, the envelope temperature is
high enough to allow He/H stable burning. At lower ac-
cretion rates, 0.02 " Ṁ18 " 0.7 , He burns unstably in a
mixed He/H interface and it triggers H burning. For even
lower accretion rates, He burns after complete H burning
in a pure He environment. At accretion rates lower than
Ṁ18 " 0.01, the temperature dependent CNO cycle domi-
nates again and H burns unstably.

When the burning becomes unstable, we should solve
the non-stationary di!usion equation and consider the tem-
poral evolution of the elements abundances. Nevertheless
in’t Zand et al. (2009) studied the long tails observed in
the source GS 1826-24 and found that the temperature in
burst tails is determined by the initial (i.e before burst)
NS temperature. In their Fig. 11 they showed that the
temperature beyond depths ! 108 g cm!2 inside the star
(! 7 # 105 g cm!3 in our configurations), remains roughly
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