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Transformations of matter at high density

At the Eddington accretion rate, 
the entire crust can be replaced 
in 1 Myr       (10-8 Mo yr-1)

Accretion forces matter to 
higher and higher density

slide from 

Sanjay Reddy’s 

lecture 3



Why is it interesting to study accreting neutron stars?


- They can be studied! X-ray binaries provide opportunities to study 
the neutron star directly: either during thermonuclear flashes, or in 
quiescence


- Matter arrives on the surface as light elements (H/He) and is 
slowly compressed to nuclear density. In doing so, it covers the 
entire nuclear chart from the proton drip line to the neutron drip line.


- Many stellar physics processes are accessible on observable 
timescales. These include: shell flashes, angular momentum 
transport and meridional circulation, shell flashes, solidification and 
chemical separation, burning front propagation


- Studying what happens to matter that hits the surface can tell us 
about the binary, e.g. the composition of the transferred material, or 
the geometry of the accretion flow
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Today’s lecture


• Discuss the basic physics underlying Type I X-ray bursts


• Build a simple time-dependent model

Next time we will go deeper into the star, continuing our 
journey into the crust

In all of these lectures we will revisit ideas from last week



Basic energetics of bursts

4U 1820-30 Haberl et al. (1987)

gravitational energy release nuclear energy release

4U 1728-34 Strohmayer et al. (1996)

Their ratio is



Wait a minute, Type I X-ray bursts were discovered 40 
years ago - why are they interesting to study now?


- New types of burning discovered only in the last decade or so

 e.g. mHz quasi-periodic oscillations

superbursts, intermediate duration bursts


- Large catalogs of bursts

e.g. RXTE catalog >1100 bursts  Galloway et al. 

- Interface with nuclear experiment, specifically radioactive ion beams 

e.g. FRIB facility being built at MSU 

- Lots of work in recent years trying to use X-ray bursts to measure 
neutron star radius

- They determine the composition of the heavy ashes and therefore 
the outer crust - important for crust heating and cooling

- We don’t really understand them — major puzzles remain



What is a thin shell flash?

In a thin layer, the pressure is fixed by the weight of overlying 
layers

gravity


P = g⌃

GM

R2

column depth

(g cm2)pressure

(an example of 
hydrostatic balance)

Exercise: check this works for Earth’s atmosphere by 
estimating the column of air above your head



What is a thin shell flash?

The entropy equation is then

heating by 
nuclear reactions

(erg g-1 s-1)


TdS = dU + PdV = cP dT

cP
dT

dt
= ✏

heat

� ✏
cool

cooling of the 
layer (heat 
transport to the 
surface)


e.g. ideal gas


cP =
5

2

kB
µmp

no dP term

(constant 
pressure)




What is a thin shell flash?

Perturb the entropy equation T ! T + �T (with pressure 
held constant)

d✏
heat

dT
>

d✏
cool

dT

We will get a thermal runaway if in general this is satisfied 
because nuclear 
reactions are extremely 
temperature sensitive!

Question: Is the Sun thermally stable? Could a whole star become 
thermally unstable? What conditions would be required? 

cP
@�T

@t
= �T


d✏

heat

dT
� d✏

cool

dT

�

Examples: Type I X-ray bursts; classical novae; helium shell flashes in AGB stars



How hydrogen burns on an accreting neutron star

12C

13N

14O 15O

14N 15N

13C

T < 8x107 K T > 8x107 K

12C

13N

14O 15O

14N 15N

13C

(cold) CNO cycle hot CNO cycle

proton 
capture

beta 
decay

main sequence stars accreting neutron stars

(14O and 15O beta decay half-
lives are 71 and 122s 
respectively)

(p,alpha)



Helium burning by the triple alpha reaction

energy generation rate

temperature 
sensitivity ✏ / T ⌫ ⌫ =

44

T8
� 3

3↵ !12 C

Fushiki & Lamb 1987

Exercise: given that CNO burning accounts for about 1% of the Sun’s 
luminosity and that the transition from hot to cold CNO cycle occurs at 
8x107K, estimate the temperature sensitivity of the CNO proton captures
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αp-process 
14O(α,p)17F 
17F (p,γ)18Ne  
18Ne(α,p)….

rp-process
(Wallace & Woosley 1981)

SnSbTe cycle 
sets the endpoint 
(Schatz et al. 2001)

triple alpha reaction 
3α         12C

protons

neutrons

The rp-process: 

H burning in a He-rich 
environment



Comparison with observations: GS 1826-24

Heger et al. (2007)



The cooling is set by radiative diffusion

T + �TT + �T

F =
1

3
c�

d

dr

�
aT 4

�

� =
1

n�
=

1

⇢

heat flux

mean free path

The cooling rate is

✏
cool

=
1

⇢

dF

dr
(energy per gram 
per second)



The cooling is set by radiative diffusion

opacity   (cross section per gram)

electron scattering

(Thomson with degeneracy and relativistic corrections)

es ⇡
�T

µmp
=

0.4

µ
cm2 g�1

free-free absorption 

[for references, see Schatz et al. 1999 ApJ appendix]



A useful coordinate

cP
@T

@t
= ✏nuc �

1

⇢

@F

@r

The entropy equation becomes

For a layer with constant gravity, a useful coordinate is the 
column depth y

F = �4acT 3

3⇢

@T

@r

dy = �⇢dr =
dP

g
) P = gy

y =
�M

4⇡R2

column depth y tells you the pressure and the mass



Equation of state

1. Ions (nuclei) are an ideal gas

2. Non-degenerate or degenerate electrons (assume non-
relativistic for these shallow layers)

3. Radiation
Prad =

1

3
aT 4

Pe = nekBT Pe =
2

5
neEF

see Pacynski 1983 for useful interpolation formulae

or Frank Timmes codes at http://cococubed.asu.edu

Pi = nikBT

Exercise: for a nuclear energy release of 1 MeV/nucleon, and 
a typical density of 105 g/cm3, show that radiation pressure 
limits the temperature of the layer to ~ 2x109 K



One zone model

1. The entropy equation becomes

Now treat the layer as “one zone”:

F =
4acT 3

3

@T

@y
cP

@T

@t
= ✏nuc +

@F

@y

@T/@y ⇠ T/y etc.

We have to solve 
cP

dT

dt
= ✏nuc �

acT 4

3y2
+

Fb

y

(include a base flux to simulate 
a hot underlying neutron star)

Exercise: estimate the typical luminosities you expect to see 
using L = 4⇡R2y✏

cool



One zone model

2. Track the composition. A nice way to do it is to follow the 
column depth of the fuel layer   (Pacyznski 1986; Heger et al. 2007)

dy

dt
= ṁ� 12✏3↵

Q3↵
y

(where the energy release from the triple alpha reaction is
Q3↵ = 7.275 MeV )

3. At each time-step, we need to invert the equation of state 
to find the density corresponding to the pressure P=gy. (The 
opacity and energy generation rate depend on density).

[ I will run a simple one zone code in the lecture ]



Eddington accretion rate (a useful unit for accretion rate)

FEdd =
cg

The local Eddington flux is

LEdd =
4⇡GMc


=

GM

R
ṀEdd

LEdd = 2.1⇥ 1038 erg s�1

✓
M

1.4 M�

◆✓
1.7

1 +X

◆

giving

ṀEdd ⇡ 1018 g s�1 ⇡ 2⇥ 10�8 M� yr�1

ṁEdd =
ṀEdd

4⇡R2
⇡ 105 g cm�1 s�1

Exercise: confirm these numbers and include the redshift 
factors for observers at infinity



Observations of mHz QPOs

• discovered from Atoll sources 4U 1608-52, 4U 1636-53, Aql X-1 by 
Revnitsev et al. (2001) with frequencies (7-9) mHz

• flux variations at ~few percent level 




• discovered from Atoll sources 4U 1608-52, 4U 1636-53, Aql X-1 by 
Revnitsev et al. (2001) with frequencies (7-9) mHz

• flux variations at ~few percent level 

• unusually for a QPO, they are soft (<5 keV)


Observations of mHz QPOs



• discovered from Atoll sources 4U 1608-52, 4U 1636-53, Aql X-1 by 
Revnitsev et al. (2001) with frequencies (7-9) mHz

• flux variations at ~few percent level 

• unusually for a QPO, they are soft (<5 keV)

• they occur in a narrow range of luminosity   (0.5-1.5) x 1037 erg/s

  	

Observations of mHz QPOs



A new mode of nuclear burning?

• Revnitsev et al. (2001) suggested that we are seeing a new mode of 
nuclear burning


• Importance: first QPO identified with NS surface rather than the accretion 
flow


• Open questions:


what sets the oscillation period ~ 2 mins?   
	 (stable over many years)


why the narrow luminosity range? 

• Marginally stable nuclear burning answers these questions, but brings 
back an old puzzle!



Heger, Cumming, & Woosley (2007)`
	 	

Calculations of the transition to stable burning

• Extensions of the Woosley 
et al. 2003 ApJS calculations 
to higher accretion rates


• Kepler code, follow >1000 
nuclei at each depth


• At the boundary between 
unstable and stable burning 
see oscillations with periods 
of 3 minutes




Heger, Cumming, & Woosley (2007)`
	 	

Calculations of the transition to stable burning

• Extensions of the Woosley 
et al. 2003 ApJS calculations 
to higher accretion rates


• Kepler code, follow >1000 
nuclei at each depth


• At the boundary between 
unstable and stable burning 
see oscillations with periods 
of 3 minutes


• Amplitude and shape of the 
oscillation similar to the 
observed mHz QPOs


Revnitsev et al (2001)



The physics of the oscillation is in our one-zone 
model!

• Simple one-zone model

• Linear perturbations

Oscillation period

ttherm ~ 10s

taccr ~ 1000s

Usually thermal time dominates 
with strong driving or damping

• A clock on the NS surface that depends on g, X … no mdot uncertainty!

• In fact, Paczynski (1981) suggested that oscillations should be present at the 
boundary between unstable and stable burning. We can get it from our one-
zone model, see Heger et al. (2007):



To think about for next time


• How much mass would you expect to be ejected 
into the ISM in a typical Type I X-ray burst? Will it 
significantly affect abundances in the galaxy?


• How would you expect burst properties (recurrence 
time, duration, peak luminosity, lightcurve shape) to 
change with accretion rate for accretion of either 
pure helium or a solar mixture of H/He ? 
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Last time


• Physics of the thin shell flash


• Nuclear burning:  beta-limited hot CNO cycle; 
triple alpha; rp-process


• A one-zone model of X-ray bursts

cP
dT

dt
= ✏nuc �

acT 4

3y2
+

Fb

y

dy

dt
= ṁ� 12✏3↵

Q3↵
y



Multi-zone models

Assume spherical symmetry. Follow temperature and the 
detailed composition as a function of depth in the layer.


Most comprehensive simulations are by Woosley, Heger et al. 
(Kepler code)   -  see Woosley et al. (2003) ApJS


The open source code MESA (Paxton et al. 2011,2013) is being 
developed as a tool for studying accreting neutron stars. I will 
run an example of helium accretion with MESA in the lecture.

cP
dT

dt
= ✏nuc �

acT 4

3y2
+

Fb

y

dy

dt
= ṁ� 12✏3↵

Q3↵
y

?



Convection: mixing length theory

convective flux

convective velocity

F
conv

⇡ ⇢v
conv

cPT (r�r
ad

)

v2
conv

⇡ gl (r�r
ad

)

Exercise: show that F
conv

⇠ ⇢v3
conv

(useful for estimates)

efficient convection
 v2
conv

⌧ c2s r ⇡ rad

For F~1025 erg/cm2/s,  vconv~50 km/s;     cs~3x108 cm/s

The convective turnover time is  

	 	 	  H/vconv~1000 cm/5x106 cm/s ~ 0.2 ms



MESA for Type I X-ray bursts: Open questions

Are the radiative opacities correct for the ashes mixture of 
heavy elements? 


Is the treatment of convection okay (check against 
expectations)


Outer boundary condition when at Eddington luminosity


Handling rp-process requires a large reaction network


There is interesting data to compare against even for pure He 
accretion 



Question

How would you expect the following properties of Type I 
bursts to change with accretion rate?

• burst recurrence time

• burst duration

• peak luminosity

• rise time

• shape

We will take a look at the Galloway et al. (2008) catalog of 
bursts observed with RXTE to test these predictions!



Different burning regimes
Time to burn the hydrogen at the hot CNO rate 

H/He        hot CNO burning

pure He mixed H/He

hot CNO burning 
throughout the layer

trecur > 22 hrs trecur < 22 hrs



Different burst shapes

Galloway et al. (2004)

in ’t Zand et al. (2013)



Change in burst behavior with accretion rate:  onset of 
stable burning at accretion rates several times smaller than 
predicted; interaction between mHz QPOs and bursts

1020 MUNO ET AL. Vol. 542

vations. The mean count rates and hardness ratios, exclud-
ing time intervals containing bursts, are listed in Table 1.
Figure 1 displays the color-color diagram for this set of
observations. The states with the lowest observed count
rates correspond to points with a hard color of [0.65, while
those points with higher count rates have a hard color
\0.50. The count rate from the source is not a monotonic
function of position on this diagram (Table 1). Although
motion on the branch with lower hard color is observed in
the course of several hours, the transition from a hard color
[0.65 to \0.50 occurred between observations separated
by more than a month.

We have produced power-density spectra (PDS) of
photons in the 2È60 keV RXT E band for each observation,
in order to determine whether KS 1731[260 exhibits the
canonical branches of the color-color diagram for LMXBs
(Van der Klis 1995). The PDS of each observation have
been created by combining averaged PDS from data with
2~13 s time resolution in 64 s intervals with a single PDS of
data with 2~3 s time resolution for the entire observation.
Bursts are excluded from the PDS. We have found that
PDS are of two types, as represented in Figure 2. Figure 2a
is representative of PDS from observations with hard colors
[0.6, which can be described as the sum of relatively weak
(2% rms) low-frequency noise below 0.1 Hz and strong
(13% rms) Ñat-topped high-frequency noise that decreases
in power above a few Hz. Figure 2b is representative of PDS
from observations with hard colors \0.5, and which can be
characterized as a combination of D8% rms low-frequency
noise below 1 Hz and weak power (2% rms) at high fre-
quencies. Strong ([1% rms) QPOs are not evident below

FIG. 1.ÈColor-color diagram from PCA observations of KS
1731[260. The Hard Color is the ratio of the count rates in the 8.5È18.0
keV and 4.8È8.5 keV bands, while the soft color is the ratio of the count
rates in the 3.4È4.8 keV and 2.0È3.4 keV bands. Background subtraction
was applied before calculating the ratios. Representative 1 p error bars are
plotted at the right of the Ðgure. The numbers indicate the colors just prior
to each of the nine bursts. Squares are placed around bursts which
exhibited radius expansion, while diamonds were placed around those
which coherent oscillations. The arrow on the Ðgure indicates the direction
of increasing accretion rate.

100 Hz in the PDS from either state, and although single
kHz QPOs are evident on a few occasions in photons with
energy above 5 keV (not shown), twin kHz QPOs are only
evident in the observation reported on by Wijnands & Van
der Klis (1997).

Taken together, the color-color diagram and PDS indi-
cate that KS 1731[260 is indeed an atoll source, as sug-
gested by Wijnands & Van der Klis (1997) (for a review of Z
and atoll LMXBs, see Van der Klis 1995 ; see &Me" ndez
Van der Klis 1999 for a similar color-color diagram of the
atoll source 4U 1728[34 as observed with the PCA on
RXT E). The state with hard color [0.65 is the Island State,
which is thought to represent a low accretion rate (D0.01
times the Eddington rate, while the state with hardM0 Edd),
color \0.50 is the Banana State, thought to occur at a
somewhat higher accretion rate This classi-( D 0.1M0 Edd).
Ðcation of KS 1731[260 is consistent with the presence of
strong X-ray burstsÈonly two Z sources, GX 17]2
(Sztajno et al. 1986) and Cyg X-2 (Kuulkers & Van der Klis
1995), exhibit type I X-ray bursts. An arrow has been drawn
on the color-color diagram to indicate the direction
believed to correspond to increasing accretion rate.

We have estimated the source Ñux during each obser-
vation (Table 1) by Ðtting the Standard2 data summed over
each RXT E orbit with a two-component model, consisting
of an exponentially cut o† power-law (N! E~! exp[E/kT ,
where E is the photon energy, ! is the power-law photon
index, kT is the cuto† energy, and is the photon Ñux at 1N!keV) and a Gaussian line at 6.4 keV, which is likely due to
iron emission. We have accounted for interstellar absorp-
tion with a low-energy cuto† equivalent to a column
density of 1022 cm~2 of hydrogen (according to the value
derived with ROSAT , Predehl & Schmitt 1995). The time
intervals during bursts have been excluded from the spectra.
Although we Ðtted the spectra between 2.5 and 25 keV, the
Ñux was calculated from the model between 2 and 18 keV,
to correspond with the energy range used for the color-
color diagram. The reduced chi-squared value for this
model is less than 1.1 for all observations except 20058-01-
01-00, 30061-01-03-00, and 30061-01-04-01, for which the
reduced chi-squared values are near two. The derived Ñux is
not signiÐcantly a†ected by the poor values of reduced-chi
squared, and we report all values in Table 1. For a more
detailed discussion of the X-ray spectrum of KS 1731[260
as observed by RXT E see Barret et al. (1999).

2.2. Characterization of Type I X-Ray Bursts
Table 2 lists the times (corrected to the Earth-Sun

barycenter) of the nine bursts observed with the PCA. We
have integrated spectra for each 0.25 s interval during these
bursts using combinations of the binned and event mode
data for each observation. This provides 32 energy channels
for the Ðrst burst and 74 energy channels for the remainder
of the bursts. Since the e†ect of the X-ray burst on the
spectrum of the persistent emission is unknown, it is not
clear what ““ background ÏÏ should be subtracted from the
total received Ñux in order to obtain the true burst spec-
trum. Therefore, we have estimated the background in two
independent ways, representing two extremes of approach :
(1) we have used the FTOOL ““ pcabackest ÏÏ to determine
the instrumental and cosmic background, including both
the persistent and burst Ñux in our Ðts ; and (2) we have used
the spectrum of 100 s of data prior to the burst as back-
ground, subtracting the persistent emission under the

Banana state (high accretion rate)

Short, irregular bursts

Some stable burning

Burst oscillations

Superbursts

mHz QPOs


Island state (low accretion rate)

Regular Type I bursts

Long duration, energetics 
consistent with all fuel burning in 
bursts


Transition at LX ~ 1037 erg/s


A chance to learn something about accretion/
mixing  (if we understand the nuclear physics part)



Burst oscillations





Burning front propagation on a rotating star

Cavecchi et al. (2013)



Part 2: Crust heating and thermal relaxation

• Why the crust is solid


• How the heating works (crust nuclear reactions)


• How to calculate thermal relaxation





Where does solid form?

� =
Z2e2

akBT
< 1
� 1
� 175

gas
liquid
solid

�top � 108 g cm�3 T 3
8

�
Z

26

⇥�6 �
A

56

⇥

The key parameter that determines the arrangement of the 
nuclei is

In the outer layers, the matter consists of bare nuclei 
embedded in a smooth background of degenerate electrons

The density at the top of the crust is

4⇡

3
a3ni = 1(                    )
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Nuclear evolution in the outer crust

A simple model for the outer crust composition is to minimize the Gibb’s 
free energy per nucleon

treating Z as a continuous variable, where we get the nuclear binding 
energy from a liquid drop model

Setting                           gives Z  as a function of electron Fermi energy

The increasing electron Fermi energy drives electron capture reactions that 
reduce the number of protons in the nuclei.

G =
Z

A
EF � B(Z,A)

A

@G/@Z|A = 0

Z

A
⇡

✓
1

2
� EF

8aA

◆✓
1 +

aCA2/3

4aA

◆�1



Composition as a 
function of depth in 
the crust

Brown and Cumming (2009)  
following Sato (1979),  
Haensel & Zdunik (1990) 



Reactions in the crust
Example reaction sequences

Outer crust

Inner crust

Haensel & Zdunik (1990, 2008)

Question: why do these 
reactions heat the crust?



E(A,Z)

EF

E(A,Z-1)

E(A,Z-2)
EF

E*(A,Z-2)
1. The first electron 
capture happens at 
threshold, doesn’t 
heat the gas

2. Because even nuclei are lower 
in energy than odd nuclei, the Z-1 
nucleus can immediately capture 
to form the Z-2 nucleus in an 
excited state.

How heating works in the outer crust

3. The Z-2 nucleus de-excites, 
releasing a gamma-ray that 
heats the gas



Heating in the crust
Haensel & Zdunik 2003

Question: using the liquid 
drop model, can you 
understand the spacing 
of the reactions in the 
outer crust, and why they 
give the same amount of 
energy?

Outer crust

Inner crust

The total heat 
released is between 
1 and 2 MeV/nucleon



A simple model for outer crust heating
Beta-equilibrium tells us Z as function of 
depth(neglect Coulomb term)

12

Fig. 11.— An initial mixture of 4 species, A = 106, 80, 56, 38 and Z = 46, 36, 26, 20 with equal numbers of each nucleus.

Finally, for a given A, Z and kn, the value of k can be solved for from the relation

Ak

4πr3N

∂W

∂k
= P0 +

(2Wsurf −WCoul)

A
.... (A8)

need to understand this part !

A SIMPLE MODEL OF HEATING IN THE OUTER CRUST

In the outer crust, we show in the main text that using a liquid drop model the equilibrium Z in the outer crust is
given by

2Z

A
= 1−

µe

4aA
, (B1)

Putting in mu_e=27 MeV for neutron drip, the 
change in Z in the outer crust is Z=0.14 A

13

Fig. 12.— An initial mixture of 4 species, A = 106, 80, 56, 38 and Z = 46, 36, 26, 20 with equal numbers of each nucleus.

where we ignore the correction from the Coulomb term. Alternatively, equation (B1) gives the threshold µe at which
electron capture onto nucleus Z will occur. Heating arises in the outer crust because for an even even nucleus, the
electron capture produces a nucleus with charge Z − 1 that is already above the threshold for electron captures.
Therefore, electron captures occur in pairs, the first being at threshold, the second above threshold.
How many electron captures occur in the outer crust? Equation (B1) shows that the charge of the nucleus changes

by an amount ∆Z = A∆µe/8aA over a change in electron Fermi energy of ∆µe. Putting ∆µe = 27 MeV gives
∆Z = 0.14A, or since the electron captures occur in pairs, the number of steps in the composition is

Nsteps =
A∆µe

16aA
= 0.07A = 3.9

(

A

56

)

. (B2)

The steps occur equally spaced in µe by an amount 16aA/A = 6.7 MeV(56/A).
The heating is set by how much over threshold the second electron capture is. The main contribution is the pairing

energy. Changing from an odd-odd to even-even nucleus gives 22 MeV/A1/2. Dividing by A to get the energy release

The electron captures occur in pairs, so the 
number of electron captures is

462 P. Haensel and J. L. Zdunik: Crustal heating in accreting neutron stars

Fig. 3. (Color online) Heat sources in the outer (upper panel) and inner
(lower panel) crust for three HZ* models. Vertical lines, positioned at
the density at the bottom of the reaction shell, represent the heat per one
accreted nucleon. Labels as in Table 2.

and their heat-per-nucleon values Q j significantly larger, than
for Ai = 106.

Results presented in Tables A.1−A.4 exhibit several char-
acteristic features. One notices the importance of heating via
neutron emission following immediately after quasi-equilibrium
electron captures in the inner crust. There are also characteristic
differences in the strength and number of heat sources per pres-
sure interval. Let us consider two evolution tracks for Ai = 56
and Ai = 106, assuming that pycnonuclear fusion is suppressed
until Z = 4. In the process of neutronization, the heavier nu-
cleus undergoes significantly more quasi-equilibrium electron
captures and the heating at each source is much weaker than for
the lighter initial nucleus. We may explain this systematic differ-
ence using the liquid drop model of nuclei. In the zeroth approx-
imation, the Coulomb and surface contributions to the energy are
neglected. This gives a so-called bulk approximation of the in-
ner neutron star crust. Formally, this approximation corresponds
to A, Z −→ ∞. Then, Z/A in beta equilibrium changes contin-
uously with increasing pressure. When approaching this limit,
the number of heat sources tends to infinity but the heat release
per one source tends to zero. Including Coulomb, surface, and
other “finite size” components to the energy per nucleon makes
A and Z finite. Thresholds appear for the electron captures and
a certain number of discrete heat sources. Lower Ai corresponds
to stronger “finite size” effects, higher electron capture thresh-
olds, a smaller number of heat sources, and larger heat release at
each source. With higher Ai, one gets closer to the bulk limit, and
therefore the heat releases per source is lower while the number
of heat sources is greater.

4. Integrated crustal heating

The quantity Q(ρ) for three specific models of compressional
evolution is plotted in Fig. 4. In all three cases, we set Ai = 56
and Zi = 26. For the first model, we neglect neutrino losses;
its integrated heat is always the highest. The second model is
used to visualize the importance of excited states of the daughter

Fig. 4. (Color online) Integrated heat released in the crust, Q(ρ) (per
one accreted nucleon) versus ρ, assuming initial ashes of pure 56Fe.
Solid line: HZ* model of the present paper, with suppressed neutrino
losses. Long dashes: GS-GS transitions in electron captures, with max-
imal neutrino losses. Dash-dot line: No neutrino losses, with pycnonu-
clear fusion blocked until Z = Zmin = 4.

Table 1. Total crustal heating Qtot for Ai = 56 and Ai = 106.

Model Ai = 56 Ai = 106
pycno ν losses Qtot Qtot

HZ*1 no blocking none 1.93 MeV 1.48 MeV
HZ032 no blocking maximal 1.58 MeV 1.16 MeV
HZ* Zmin = 6 none 1.93 MeV 1.44 MeV
HZ* Zmin = 4 none 1.85 MeV 1.35 MeV

1 Present paper, 2 Haensel & Zdunik (2003). Third and fourth lines:
results obtained when neutrino losses are suppressed and pycnonuclear
fusion is blocked down to Zmin = 6 and Zmin = 4, respectively.

nuclei in the electron captures. For this model we assumed that
the nuclear transitions associated with electron captures are of
the GS-GS type, which maximizes the neutrino losses. While
the effect is dramatic for ρ <∼ 1012 g cm−3, it only implies a
20% underestimate of Q above 1012.5 g cm−3. But the most in-
teresting is perhaps the effect of literally switching off the py-
cnonuclear reactions, assumed in the third scenario. This was
done by assuming that the pycnonuclear fusion is blocked un-
til the nuclear charge goes down to Zmin = 4. And yet, for
ρb > 1013 g cm−3, Q is very similar to what is obtained in the
first scenario, which was most advantageous as far as the crust
heating was concerned. Namely, a missing pycnonuclear heat-
ing at ρ ∼ 1012 g cm−3 is efficiently compensated by the elec-
tron captures accompanied by neutron emission within the den-
sity decade 1012−1013 g cm−3. The values of Q saturate above
1013.6 g cm−3, where 80% of nucleons are in a neutron gas phase.
All in all, for three scenarios with Ai = 56, the total deep crustal
heat release is (1.6−1.9) MeV/nucleon. For Ai = 106, numbers
are shifted downward by about 0.4 MeV/nucleon. The summary
of our results for the total heat release is given in Table 1.
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Gupta et al. found more variation in energy release with A, presumably related to the availability of excited states ?
Odd-even nuclei remain odd-even as they undergo electron captures, and so do not have a change in pairing energy.

The energy release in the outer crust is very small for these nuclei, as we see in our numerical results.
Let’s calculate the Q value using the liquid drop model. At threshold for the first capture, µe+M(Z) = M(Z−1) (we

don’t indicate A in the mass to save typing; A is constant in the outer crust). Then Q = M(Z− 1)+µe−M(Z− 2) =
2M(Z− 1)−M(Z)−M(Z− 2). Let’s calculate Q term by term. First, pairing: the Z and Z − 2 nuclei are even-even,
while Z − 1 is odd-odd, giving Q = 4aP /A1/2. The symmetry term gives Q = −8aA/A, and the Coulomb term
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Möller, P., Nix, J. R., Myers, W. D., and Swiatecki, W. J. 1995,
Atomic Data and Nuclear Data Tables, 59, 185
Sato, K. 1979, Prog. Theor. Phys., 62, 957
Shternin, P. S., Yakovlev, D. G., Haensel, P., & Potekhin, A. Y.
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Fig. 3. (Color online) Heat sources in the outer (upper panel) and inner
(lower panel) crust for three HZ* models. Vertical lines, positioned at
the density at the bottom of the reaction shell, represent the heat per one
accreted nucleon. Labels as in Table 2.

and their heat-per-nucleon values Q j significantly larger, than
for Ai = 106.

Results presented in Tables A.1−A.4 exhibit several char-
acteristic features. One notices the importance of heating via
neutron emission following immediately after quasi-equilibrium
electron captures in the inner crust. There are also characteristic
differences in the strength and number of heat sources per pres-
sure interval. Let us consider two evolution tracks for Ai = 56
and Ai = 106, assuming that pycnonuclear fusion is suppressed
until Z = 4. In the process of neutronization, the heavier nu-
cleus undergoes significantly more quasi-equilibrium electron
captures and the heating at each source is much weaker than for
the lighter initial nucleus. We may explain this systematic differ-
ence using the liquid drop model of nuclei. In the zeroth approx-
imation, the Coulomb and surface contributions to the energy are
neglected. This gives a so-called bulk approximation of the in-
ner neutron star crust. Formally, this approximation corresponds
to A, Z −→ ∞. Then, Z/A in beta equilibrium changes contin-
uously with increasing pressure. When approaching this limit,
the number of heat sources tends to infinity but the heat release
per one source tends to zero. Including Coulomb, surface, and
other “finite size” components to the energy per nucleon makes
A and Z finite. Thresholds appear for the electron captures and
a certain number of discrete heat sources. Lower Ai corresponds
to stronger “finite size” effects, higher electron capture thresh-
olds, a smaller number of heat sources, and larger heat release at
each source. With higher Ai, one gets closer to the bulk limit, and
therefore the heat releases per source is lower while the number
of heat sources is greater.

4. Integrated crustal heating

The quantity Q(ρ) for three specific models of compressional
evolution is plotted in Fig. 4. In all three cases, we set Ai = 56
and Zi = 26. For the first model, we neglect neutrino losses;
its integrated heat is always the highest. The second model is
used to visualize the importance of excited states of the daughter

Fig. 4. (Color online) Integrated heat released in the crust, Q(ρ) (per
one accreted nucleon) versus ρ, assuming initial ashes of pure 56Fe.
Solid line: HZ* model of the present paper, with suppressed neutrino
losses. Long dashes: GS-GS transitions in electron captures, with max-
imal neutrino losses. Dash-dot line: No neutrino losses, with pycnonu-
clear fusion blocked until Z = Zmin = 4.

Table 1. Total crustal heating Qtot for Ai = 56 and Ai = 106.

Model Ai = 56 Ai = 106
pycno ν losses Qtot Qtot

HZ*1 no blocking none 1.93 MeV 1.48 MeV
HZ032 no blocking maximal 1.58 MeV 1.16 MeV
HZ* Zmin = 6 none 1.93 MeV 1.44 MeV
HZ* Zmin = 4 none 1.85 MeV 1.35 MeV

1 Present paper, 2 Haensel & Zdunik (2003). Third and fourth lines:
results obtained when neutrino losses are suppressed and pycnonuclear
fusion is blocked down to Zmin = 6 and Zmin = 4, respectively.

nuclei in the electron captures. For this model we assumed that
the nuclear transitions associated with electron captures are of
the GS-GS type, which maximizes the neutrino losses. While
the effect is dramatic for ρ <∼ 1012 g cm−3, it only implies a
20% underestimate of Q above 1012.5 g cm−3. But the most in-
teresting is perhaps the effect of literally switching off the py-
cnonuclear reactions, assumed in the third scenario. This was
done by assuming that the pycnonuclear fusion is blocked un-
til the nuclear charge goes down to Zmin = 4. And yet, for
ρb > 1013 g cm−3, Q is very similar to what is obtained in the
first scenario, which was most advantageous as far as the crust
heating was concerned. Namely, a missing pycnonuclear heat-
ing at ρ ∼ 1012 g cm−3 is efficiently compensated by the elec-
tron captures accompanied by neutron emission within the den-
sity decade 1012−1013 g cm−3. The values of Q saturate above
1013.6 g cm−3, where 80% of nucleons are in a neutron gas phase.
All in all, for three scenarios with Ai = 56, the total deep crustal
heat release is (1.6−1.9) MeV/nucleon. For Ai = 106, numbers
are shifted downward by about 0.4 MeV/nucleon. The summary
of our results for the total heat release is given in Table 1.
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Quiescent luminosity of transiently accreting neutron stars
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Figure 8. Measurements of, or limits on, the quiescent thermal luminosity
of various NS transients, compared to estimates of, or upper limits on, their
time-averaged mass accretion rates. Data from compilations of Heinke et al.
(2007, 2009b), with NGC 6440 X-2 added. Predictions of standard cooling
and several enhanced cooling mechanisms are plotted, following Yakovlev &
Pethick (2004). Accreting millisecond pulsars are indicated separately (in red),
while the effect of increasing the distance by a factor of 1.5 for any system is
indicated with an arrow labeled “D×1.5.”
(A color version of this figure is available in the online journal.)

the companion star. Such activity has also been suggested to
explain SAX J1808.4−3658’s large current rate of orbital period
increase (Hartman et al. 2008) and decades-long variations in
mass transfer rates in LMXBs (Durant et al. 2010). If such a
mechanism is active here, it requires a partly nondegenerate,
convective companion. Alternatively, the increased activity
could indicate a change in the orbital parameters, induced
by a distant companion (making this a triple system; testable
with monitoring of future outbursts by RXTE) or a recent
close interaction with another star (its position outside the core
suggests that this is less likely).

It is difficult to estimate NGC 6440 X-2’s mass transfer rate
due to its extreme faintness and the limitations of existing sur-
veys. We identify two limiting cases: one based on its recent
outburst history and the other using the full bulge scan light
curve. For the first case, we estimate the outbursts as lasting
3 days at an average LX ∼ 1.5 × 1036 erg s−1, and occur-
ring every 31 days. For canonical neutron star mass and radius
estimates, this gives a time-averaged mass accretion rate of
3 × 10−11 M⊙ yr−1. Although this represents the mass trans-
fer rate over the past few months, it is clear that NGC 6440
X-2 has not shown such outbursts regularly over the entire
bulge scan epoch, where only five outbursts have been iden-
tified. Assuming (generously) that two-thirds of all outbursts
have been missed (the October and November outbursts were
missed by bulge scans, and it seems likely that outbursts in
June/July and April/May were missed; Figure 3), and that
the average outburst is like those seen so far, we estimate
NGC 6440 X-2’s mass transfer rate over the entire bulge scan
epoch (ten years) as 1.3 × 10−12 M⊙ yr−1. This latter rate is
consistent with an ultracompact binary with an orbital period of
57 minutes experiencing conservative mass transfer driven by
general relativistic angular momentum loss (Deloye & Bildsten
2003), though a higher rate is not inconsistent with a relatively
high-entropy (partly nondegenerate) donor.

The tight upper limit on NGC 6440 X-2’s quiescent emission
is the third lowest for any neutron star LMXB, after the transients
SAX J1808.4−3658 and 1H 1905+000 (Heinke et al. 2009b;
Jonker et al. 2007, Figure 8). Deep Chandra observations might
substantially improve these limits (e.g., 100 ks could reduce
the quiescent flux limit by a factor of 3). Long-term study of
outbursts from this system will allow a better measure of the
average mass accretion rate. It will be of great interest to see
if the outbursts continue to occur every ∼31 days, turn off, or
change their outburst frequency, as this system’s behavior is
extremely unusual.

This is the first globular cluster to show two transiently
outbursting X-ray sources. Many candidate quiescent LMXBs
have been identified in globular clusters through their soft
spectra, including eight in NGC 6440 (Grindlay et al. 2001;
Rutledge et al. 2002; Pooley et al. 2002; Heinke et al. 2003),
although few have been observed to undergo outbursts. Some of
these quiescent LMXBs may be producing short, faint transient
outbursts like NGC 6440 X-2’s, which are at or near the
noise level for existing surveys such as the RXTE/PCA bulge
scans and all-sky monitor. Even fainter X-ray transients have
been studied in the Galactic center with dedicated observations
(Muno et al. 2005; Wijnands et al. 2006). Swift could efficiently
survey one or a few of the globular clusters richest in quiescent
LMXBs for such small-scale outbursts.

We are grateful to N. Gehrels and the Swift team, H.
Tananbaum and the Chandra team, M. Pretorius at ESO,
M. Buxton at SMARTS, the RXTE team, N. Levenson, J.
Radomski, R. Carrasco, and the Gemini-South science team,
for rapidly scheduling observations of NGC 6440. We thank D.
Pooley, S. Ransom, N. Degenaar, and A. Kong for discussions
and the referee for a useful, clear, and rapid report. This
research has made use of data obtained through the High
Energy Astrophysics Science Archive Research Center (online
service), provided by the NASA/Goddard Space Flight Center.
We acknowledge the use of public data from the Swift, RXTE,
Chandra, HST, and ESO data archives.

Facilities: RXTE (PCA), CXO (ACIS), Swift (XRT),
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IR Imager)

Note added in proof. As this paper went to press, NGC 6440
X-2 was detected again in outburst by Swift and RXTE, on 2010
March 19–21 (Altamirano et al. 2010b), confirming that its
outbursts are continuing.
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star temperatures obtained for EXO 0748–676 to a power-
law and found decay indices of −0.03±0.01 and −0.05±0.01
for the Chandra and Swift data sets, respectively. The Swift
observations indicate that a possible break in the quiescent
lightcurve may have occurred ∼ 67− 265 days after the ces-
sation of the outburst (see Section 3.2). By fitting a broken
powerlaw function, we obtain a decay index of −0.03± 0.03
before the break, which steepens to −0.06± 0.02 thereafter.
However, further observations are required to confirm that
a break has indeed occurred.

The decay parameters that we find for EXO 0748–676
are comparable to that obtained by Fridriksson et al. (2010)
for XTE J1701–462. These authors found that the quies-
cent lightcurve breaks ∼ 20 − 150 days post-outburst and
report decay indices of ∼ −0.03 and ∼ −0.07 before and
after the break, respectively. Fridriksson et al. (2010) note
that possible cross-calibration effects between Chandra and
XMM-Newton might introduce small shifts that also allow
a single powerlaw decay with slope ∼ −0.05. The cooling
curves of KS 1731–260 and MXB 1659–29 appear to have
steeper decays with indices of ∼ −0.12 and ∼ −0.33, re-
spectively (Cackett et al. 2008). Due to the scarcity of data
points it is unclear whether a break occurred in the quies-
cent lightcurves of those two sources (Cackett et al. 2008;
Brown & Cumming 2009).

The powerlaw fits show no indications that the quies-
cent lightcurve of EXO 0748–676 is levelling off. Thus, it is
also possible that the neutron star temperature continues to
decay further and that the core is cooler than suggested by
the exponential decay fits. The relatively slow decrease of
EXO 0748–676 might then reflect that the crust has a high
conductivity, albeit lower than that of the neutron stars in
KS 1731–260 and MXB 1659–29. Further observations are
thus required to determine whether the neutron star crust
in EXO 0748–676 has nearly cooled down and to be able to
draw conclusions on the crust and core properties.
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Calculation of crust cooling
• The hydrostatic structure of the crust doesn’t depend on temperature, 
so solve separately.

• Follow the thermal evolution in time


• Need to understand

‣ heating 

‣ heat capacity


dominated by the lattice through most of the crust


‣ thermal conductivity
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Normal neutrons would significantly delay the cooling
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Figure 13. Probability distribution of Qimp derived for MXB 1659−29, for
three different choices of neutron star mass and radii. Left to right, in order of
increasing surface gravity, they are: (1) M = 1.4 M⊙, R = 13 km, g14 = 1.4,
1 + z = 1.21; (2) M = 1.6 M⊙, R = 11.2 km, g14 = 2.3, 1 + z = 1.32; and (3)
M = 2 M⊙, R = 10 km, g14 = 4.2, 1 + z = 1.57. In each case, the accretion
rate is fixed at our fiducial value Ṁ = 1017 gs−1. Note that the spectral fits used
to obtain T ∞

eff assume a fixed value of M = 1.4 M⊙ and R = 10 km.

τ∞ ∝ (1 + z)/g2 ∝ R4M−2(1 + z)−1. An increase in surface
gravity shortens the cooling time, and Qimp must increase to
bring it back into agreement with the observed value.

Figure 14 shows the joint probability density for M and R for
each source. Although M and R are only weakly constrained,
we see that the best-fitting values of M and R are correlated.
The mass and radius enter the calculation of the light curve
in several places besides the thermal time τ∞. The relation
between crust temperature and T ∞

eff depends on the surface
gravity; for a fixed crust temperature, T ∞

eff ∝ g1/4/(1 + z). The
initial temperature profile also changes with gravity. Using the
Newtonian equations for the steady-state thermal profile, we see
that dT /dP = (1/g)(3κF/4acT 3), dF/dP = −ϵ/g, so that
the increase in flux due to the deep heating is smaller by a factor
g, and the change in temperature for a given flux is smaller by a
factor g. The combination of these different effects results in the
observed correlation between the best-fitting values of M and
R. By inspection, we find that the slope of the relation is well
described by g ∝ (1 + z)3.

4. DISCUSSION AND CONCLUSIONS

We have presented numerical simulations of the cooling of
the neutron star crust in both KS 1731−260 and MXB 1659−29
following the end of long accretion outbursts. Our main results
are as follows.

1. The light curve of a cooling crust is a broken power law
going to a constant at late times. The luminosity at late times
is set by the neutron star core temperature. The slope of the
early part of the light curve provides a direct measure of the
flux in the outer crust during outburst (Equation (12)). The
time of the break is set by the transition from a classical to
quantum crystal, close to neutron drip. The good fit of our
models to the data suggests that the neutrons in the inner
crust do not contribute significantly to the heat capacity, as
expected if they were superfluid. Observations of cooling
quiescent neutron stars thus provide new evidence for the
existence of a neutron superfluid throughout the inner crust.

2. As our models show, the observations to date probe the
thermal relaxation timescale of the inner crust. The cooling
timescale increases with increasing Qimp, potentially giving
a tight constraint on this parameter. The fits to the light
curves of MXB 1659−29 and KS 1731−260 both require
Qimp < 10, in agreement with the result of Shternin et al.
(2007) for KS 1731−260. For our fiducial model, which has
neutron star parameters M = 1.6 M⊙, R = 11.2 km, and
outburst accretion rate Ṁ = 1017 g s−1, the best-fit values
are Qimp = 4 for MXB 1659−29, and Qimp = 1.5 for
KS 1731−260. Reducing the surface gravity or increasing
the accretion rate allows smaller values of Qimp. Impurity
scattering sets the thermal conductivity of the inner crust,
and so our measurement of Qimp refers to the conductivity
in the inner crust, particularly close to neutron drip where
the thermal time corresponds to the time of the break
in the cooling curve. Interestingly, the values of Qimp
derived for both KS 1731−260 and MXB 1659−29 are very
similar, and may indicate that a robust outcome of nuclear
processing in an accreted crust is an inner crust impurity
parameter of order unity, as suggested by calculations of
nuclear transitions in the inner crust (Jones 2005; Gupta
et al. 2008).

3. The flux required to match the power-law slope between
the first and second observations is much larger, however,
than expected from models of deep heating (Gupta et al.
2007; Haensel & Zdunik 2008). For KS 1731−260, we
find that the light curve at !100 days postoutburst can
be fitted using standard models of deep heating, if the
accretion rate is larger than our estimate of 1017 g s−1,
in agreement with the findings of Shternin et al. (2007). We
do not find such a solution for MXB 1659−29, however;
indeed setting the outer boundary condition to Tb = Tb(Teff)
drives the outburst accretion rate to roughly the Eddington
limit. To obtain an adequate fit to the data, we require
the temperature in the outer crust to be decreasing inward,
implying that an inward-directed heat flux enters the crust
from the top. Moreover, our MCMC fits with our simplified
model (Section 3) find best-fit solutions with rather large
values of Tb, so that the temperature profile is inverted.
Our interpretation therefore differs slightly from that of
Shternin et al. (2007). This interpretation depends, however,
on the first data points in each cooling curve, and so
could be relaxed if these data points are contaminated,
by residual accretion for example. Our calculations show
that observations taken within the first 2 weeks following
extended outbursts are ideal for mapping out the nuclear
heating in the outer crust. It is this shallow heating that
is most critical for determining the ignition depth of
superbursts (Gupta et al. 2007). We shall investigate the
heating required to maintain the inferred high Tb, along
with its implications for nuclear processes in the neutron
star ocean, in a follow-up paper.

We thank Chuck Horowitz, Ed Cackett, Nathalie Degenaar,
Sanjay Reddy, Andrew Steiner, Lars Bildsten, Gil Holder, Bob
Rutledge, and Sanjib Gupta for helpful discussions. E.F.B. and
A.C. acknowledge the hospitality of the Institute for Nuclear
Theory, where this work took shape, and by the support of
the Joint Institute for Nuclear Astrophysics (JINA) under NSF-
PFC grant PHY 02-16783. E.F.B. is supported by the National
Aeronautics and Space Administration through Chandra Award
Number TM7-8003X issued by the Chandra X-ray Observatory



Cooling model for XTEJ1701-462

Much hotter than 
1659 and 1731. 

Crust does not 
reach thermal 
equilibrium 
during the 
outburst.

Need a large 
impurity 
parameter / low 
thermal 
conductivity in 
the inner crust’
(here Q=100)



Brown & Cumming (2009)Constraint on the impurity parameter

specific choice
 of M,R

broad prior 
on M,R



rp process ash 

Schatz et al. 1999

ocean

crust
chemical separation on 

freezing

nuclear processing: electron 
captures, pynonuclear 

reactions



3

Fig. 2.— Neutron separation energy in MeV for each mass chain A as a function of µe. Moving from left to right for a given mass chain,
we allow the nucleus to lower its energy by electron capture as µe increases, stopping each sequence when neutron drip occurs (Sn < 0)
(or when we reach µe = 29 MeV).

crust to see how they might affect the Q value.
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Gupta, S. S., Kawano, T., & Möller, P. 2008, PRL, 101, 231101
Haensel, P. & Zdunik, J. L. 1990, A&A, 227, 431
Haensel, P. & Zdunik, J. L. 2008, A&A, 480, 459

Mackie, F. D., & Baym, G. 1977, Nuc. Phys. A285, 332
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• Reactions considered

• use FRDM (Möller et al) and Mackie & Baym mass models to calculate Q values

Simple model of evolution of a mixture through the crust

• Monte Carlo approach: follow N nuclei to increasing pressure.  At each 
pressure, follow all reactions that are energetically favorable.
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Fig. 2.— Neutron separation energy in MeV for each mass chain A as a function of µe. Moving from left to right for a given mass chain,
we allow the nucleus to lower its energy by electron capture as µe increases, stopping each sequence when neutron drip occurs (Sn < 0)
(or when we reach µe = 29 MeV).

TABLE 1
Reactions considered (Q > 0 indicates that the reaction is favorable)

Reaction Q value

n emission Q1 = Mex(A,Z)−Mex(A− 1, Z)− (µn +mn −mu)
2n emission Q2 = Mex(A,Z)−Mex(A− 2, Z)− 2(µn +mn −mu)
n capture Q3 = Mex(A,Z) + µn +mn − (Mex(A+ 1, Z) +mu)
p capture Q4 = Mex(A,Z) + µn +mn − (Mex(A+ 1, Z + 1) +mu −me + µe)
2n capture Q5 = Mex(A,Z) + 2(µn +mn) − (Mex(A+ 2, Z) + 2mu)
np-capture Q6 = Mex(A,Z) + 2(µn +mn) − (Mex(A+ 2, Z + 1) + 2mu + µe −me)
n transfer Q7 = Mex(Ai, Zi) +Mex(Aj , Zj)−Mex(Ai − 1, Zi)−Mex(Aj + 1, Zj)

+ pycnonuclear according to Yakovlev et al. but with constant S factor



Compressible liquid drop model for nuclei in the crust
Mackie & Baym (1977)

8

Fig. 7.— The same starting nuclei as in Figure 6, but now including 100 nuclei in the calculation. This allows a range of reactions and
different nuclei to appear in the simulation.

APPENDIX

THE COMPRESSIBLE LIQUID DROP MODEL OF MACKIE & BAYM

We reproduce here the compressible liquid drop model from Mackie & Baym (1977, hereafter MB). It is (MB eq. [3.1])

WN (A, x, k, kn) =
[

(1− x)mnc
2 + xmpc

2 +W (k, x)
]

A+Wsurf(A, x, k, kn) +WCoul(A, x, k, kn) (A1)
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Fig. 7.— The same starting nuclei as in Figure 6, but now including 100 nuclei in the calculation. This allows a range of reactions and
different nuclei to appear in the simulation.

APPENDIX

THE COMPRESSIBLE LIQUID DROP MODEL OF MACKIE & BAYM

We reproduce here the compressible liquid drop model from Mackie & Baym (1977, hereafter MB). It is (MB eq. [3.1])

WN (A, x, k, kn) =
[

(1− x)mnc
2 + xmpc

2 +W (k, x)
]

A+Wsurf(A, x, k, kn) +WCoul(A, x, k, kn) (A1)

energy of bulk 
matter with 
x=Z/A and
density 
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Fig. 8.— The same starting nuclei as in Figure 6, but now including 100 nuclei in the calculation. This allows a range of reactions and
different nuclei to appear in the simulation.

where x = Z/A, ni = 2k3/3π2 and nn = 2k3n/3π
2 with ni and nn the densities of the nuclear matter inside the nucleus

and the neutron gas outside. The first term is the bulk energy and involves the quantity

W (k, x) =

[
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Fig. 10.— Now for pure A = 118. This time the magic number at N = 82 is populated.

The surface energy for a plane interface is

W 0
surf = σ

(W0 −Wi)1/2

w1/2
0

(ni − n0)2

n2
NM

k20
k2

A2/3, (A6)

with σ = 17.64 MeV, nNM = 2k30/3π
2 (see MB eqs. [4.15,4.16,4.17]).

The Coulomb energy is a sum of classical, exchange, and lattice energies

WCoul =
3

5
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(A7)

where d = 0.74/(k3 − k3n)
1/3, a1 = 5π2/6, a2 = 18.031, a3 = 1.3355 and rc is the Wigner-Seitz cell radius given by

4πr3cnN/3 = 1.

surface energy takes into account 
the external neutron gas Coulomb energy includes the 

lattice energy

For a given neutron density, Z and A, solve for the size of 
the nucleus (k) such that there is pressure balance

12

Fig. 11.— An initial mixture of 4 species, A = 106, 80, 56, 38 and Z = 46, 36, 26, 20 with equal numbers of each nucleus.

Finally, for a given A, Z and kn, the value of k can be solved for from the relation

Ak

4πr3N

∂W

∂k
= P0 +

(2Wsurf −WCoul)

A
.... (A8)

need to understand this part !

A SIMPLE MODEL OF HEATING IN THE OUTER CRUST

In the outer crust, we show in the main text that using a liquid drop model the equilibrium Z in the outer crust is
given by

2Z

A
= 1−

µe

4aA
, (B1)
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star temperatures obtained for EXO 0748–676 to a power-
law and found decay indices of −0.03±0.01 and −0.05±0.01
for the Chandra and Swift data sets, respectively. The Swift
observations indicate that a possible break in the quiescent
lightcurve may have occurred ∼ 67− 265 days after the ces-
sation of the outburst (see Section 3.2). By fitting a broken
powerlaw function, we obtain a decay index of −0.03± 0.03
before the break, which steepens to −0.06± 0.02 thereafter.
However, further observations are required to confirm that
a break has indeed occurred.

The decay parameters that we find for EXO 0748–676
are comparable to that obtained by Fridriksson et al. (2010)
for XTE J1701–462. These authors found that the quies-
cent lightcurve breaks ∼ 20 − 150 days post-outburst and
report decay indices of ∼ −0.03 and ∼ −0.07 before and
after the break, respectively. Fridriksson et al. (2010) note
that possible cross-calibration effects between Chandra and
XMM-Newton might introduce small shifts that also allow
a single powerlaw decay with slope ∼ −0.05. The cooling
curves of KS 1731–260 and MXB 1659–29 appear to have
steeper decays with indices of ∼ −0.12 and ∼ −0.33, re-
spectively (Cackett et al. 2008). Due to the scarcity of data
points it is unclear whether a break occurred in the quies-
cent lightcurves of those two sources (Cackett et al. 2008;
Brown & Cumming 2009).

The powerlaw fits show no indications that the quies-
cent lightcurve of EXO 0748–676 is levelling off. Thus, it is
also possible that the neutron star temperature continues to
decay further and that the core is cooler than suggested by
the exponential decay fits. The relatively slow decrease of
EXO 0748–676 might then reflect that the crust has a high
conductivity, albeit lower than that of the neutron stars in
KS 1731–260 and MXB 1659–29. Further observations are
thus required to determine whether the neutron star crust
in EXO 0748–676 has nearly cooled down and to be able to
draw conclusions on the crust and core properties.
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Figure 8. Measurements of, or limits on, the quiescent thermal luminosity
of various NS transients, compared to estimates of, or upper limits on, their
time-averaged mass accretion rates. Data from compilations of Heinke et al.
(2007, 2009b), with NGC 6440 X-2 added. Predictions of standard cooling
and several enhanced cooling mechanisms are plotted, following Yakovlev &
Pethick (2004). Accreting millisecond pulsars are indicated separately (in red),
while the effect of increasing the distance by a factor of 1.5 for any system is
indicated with an arrow labeled “D×1.5.”
(A color version of this figure is available in the online journal.)

the companion star. Such activity has also been suggested to
explain SAX J1808.4−3658’s large current rate of orbital period
increase (Hartman et al. 2008) and decades-long variations in
mass transfer rates in LMXBs (Durant et al. 2010). If such a
mechanism is active here, it requires a partly nondegenerate,
convective companion. Alternatively, the increased activity
could indicate a change in the orbital parameters, induced
by a distant companion (making this a triple system; testable
with monitoring of future outbursts by RXTE) or a recent
close interaction with another star (its position outside the core
suggests that this is less likely).

It is difficult to estimate NGC 6440 X-2’s mass transfer rate
due to its extreme faintness and the limitations of existing sur-
veys. We identify two limiting cases: one based on its recent
outburst history and the other using the full bulge scan light
curve. For the first case, we estimate the outbursts as lasting
3 days at an average LX ∼ 1.5 × 1036 erg s−1, and occur-
ring every 31 days. For canonical neutron star mass and radius
estimates, this gives a time-averaged mass accretion rate of
3 × 10−11 M⊙ yr−1. Although this represents the mass trans-
fer rate over the past few months, it is clear that NGC 6440
X-2 has not shown such outbursts regularly over the entire
bulge scan epoch, where only five outbursts have been iden-
tified. Assuming (generously) that two-thirds of all outbursts
have been missed (the October and November outbursts were
missed by bulge scans, and it seems likely that outbursts in
June/July and April/May were missed; Figure 3), and that
the average outburst is like those seen so far, we estimate
NGC 6440 X-2’s mass transfer rate over the entire bulge scan
epoch (ten years) as 1.3 × 10−12 M⊙ yr−1. This latter rate is
consistent with an ultracompact binary with an orbital period of
57 minutes experiencing conservative mass transfer driven by
general relativistic angular momentum loss (Deloye & Bildsten
2003), though a higher rate is not inconsistent with a relatively
high-entropy (partly nondegenerate) donor.

The tight upper limit on NGC 6440 X-2’s quiescent emission
is the third lowest for any neutron star LMXB, after the transients
SAX J1808.4−3658 and 1H 1905+000 (Heinke et al. 2009b;
Jonker et al. 2007, Figure 8). Deep Chandra observations might
substantially improve these limits (e.g., 100 ks could reduce
the quiescent flux limit by a factor of 3). Long-term study of
outbursts from this system will allow a better measure of the
average mass accretion rate. It will be of great interest to see
if the outbursts continue to occur every ∼31 days, turn off, or
change their outburst frequency, as this system’s behavior is
extremely unusual.

This is the first globular cluster to show two transiently
outbursting X-ray sources. Many candidate quiescent LMXBs
have been identified in globular clusters through their soft
spectra, including eight in NGC 6440 (Grindlay et al. 2001;
Rutledge et al. 2002; Pooley et al. 2002; Heinke et al. 2003),
although few have been observed to undergo outbursts. Some of
these quiescent LMXBs may be producing short, faint transient
outbursts like NGC 6440 X-2’s, which are at or near the
noise level for existing surveys such as the RXTE/PCA bulge
scans and all-sky monitor. Even fainter X-ray transients have
been studied in the Galactic center with dedicated observations
(Muno et al. 2005; Wijnands et al. 2006). Swift could efficiently
survey one or a few of the globular clusters richest in quiescent
LMXBs for such small-scale outbursts.
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research has made use of data obtained through the High
Energy Astrophysics Science Archive Research Center (online
service), provided by the NASA/Goddard Space Flight Center.
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Chandra, HST, and ESO data archives.
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Note added in proof. As this paper went to press, NGC 6440
X-2 was detected again in outburst by Swift and RXTE, on 2010
March 19–21 (Altamirano et al. 2010b), confirming that its
outbursts are continuing.
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