
What lies beneath 
Edward Brown, Michigan State University

A. Piro, Carnegie Obs.

Neutron stars should have a km-
thick crust composed of nuclei, 
electrons, and free neutrons. 

Accretion pushes matter through 
this crust and induces nuclear 
reactions.  

The heating from these reactions 
sets the ambient temperature (“Qb”) 
for X-ray bursts and superbursts. 

Observing the response of the star 
to these reactions allows us to infer 
the properties of matter in the deep 
crust and core.
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Ashes of H, He burning
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FIG. 2. The reactions in the SnSbTe cycles during an x-ray
burst. In the case of proton captures the arrows indicate the
direction of the net flow, the difference of the flow via proton
capture, and the reverse flow via (g, p) photodisintegration. The
line styles are the same as in Fig. 1.

obtain a broad distribution of nuclei in the A ! 64 107
mass range. This is a result of the long-lived waiting
point nuclei along the rp process reaction path which
store some material until the burning is over. The late
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FIG. 3. Luminosity, nuclear energy generation rate, and the
abundances of hydrogen, helium, and the important waiting
point nuclei as functions of time during an x-ray burst. For
comparison, the nuclear energy generation rate is also shown as
a dashed line together with the luminosity, though it is out of
scale during the peak of the burst. The mass of the accreted
layer is 4.9 3 1021 g.

helium production in the SnSbTe cycle broadens this distri-
bution further.

To summarize, we have shown that the synthesis of
heavy nuclei via the rp process is limited to nuclei with
Z # 54 due to our newly discovered SnSbTe cycle. The
existence of a SnSbTe cycle under all rp process condi-
tions is a consequence of the low, experimentally known
[24] a separation energies of the 106,107,108,109Te isotopes
and is therefore not subject to nuclear physics uncertain-
ties. However, because of the uncertainties in the proton
separation energies of the Sb isotopes there is some un-
certainty in the relative strength of the SnSbTe subcycles
closed by (g, a) photodisintegration on 106Te, 107Te, and
108Te. This will be discussed in a forthcoming paper.

A likely consequence of the SnSbTe cycle for accret-
ing neutron stars is that the matter entering the crust is
composed of nuclei lighter than A ! 107. The only way
to bypass the SnSbTe cycle would be a pulsed rp pro-
cess, where between pulses matter could decay back to
stable nuclei. This could happen during so-called dwarf
bursts, which have been suggested to be secondary bursts
produced by reignition of the ashes [25]. However, this
would require some unburned hydrogen in the burst ashes
(see discussion below) or extensive vertical mixing [14].

Our calculations give a strong indication that the synthe-
sis of nuclei beyond 56Ni and especially into the A ! 100
mass region in hydrogen rich bursts leads to extended en-
ergy production. This might explain the long duration
(100 sec) bursts seen from, for example, GS 1826-24 [26].
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FIG. 4. Final abundance distribution as functions of mass num-
ber for an x-ray burst, and for steady-state burning at an accretion
rate of 40 "mEdd.
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FIG. 1. The time integrated reaction flow above Ga during an X-ray burst and for steady state burning. Shown are reaction
flows of more than 10% (solid line) and of 1-10% (dashed line) of the reaction flow through the 3α reaction.
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FIG. 2. The reactions in the SnSbTe cycles during an X-ray burst. In the case of proton captures the arrows indicate the
direction of the net flow, the difference of the flow via proton capture and the reverse flow via (γ,p) photodisintegration. The
line styles are the same as in figure 1.

4

See talk by Deibel



AZ-1

AZ

AZ-2

µe

µe

Ethr,gs-gs
Z

Ethr,gs-gs
Z-1

Ethr,gs-gs
Z-1

1
34

2 +EexcEthr  =
Z-1

Heating from e- captures into excited states
Gupta et al. 2007

0.0

0.1

0.2

0.3

0.4

0.5

Q
 (

M
e
V

 u
-1
)

20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 104

20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 104
A

0

5

10

15

20

µ
e
 (

M
e
V

)
If second capture is 
unavailable, e- capture, β-
decay cycles can cool 
outer crust! Schatz et al. 
’14, Deibel et al. ‘16



crust reactions | inner crust
19
74
Ap
&S
S.
.2
6.
..
25
B

19
74
Ap
&S
S.
.2
6.
..
25
B



Heating can set ignition depth | e.g., 12C ignition 
Cumming & Bildsten 2001; Strohmayer & Brown 2002; Cooper & Narayan 2005; 
Cumming et al. 20068

TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm−3 s−1)

a fast 1026 fast cooling

b slow 3× 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm−2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ∼ 1020 erg cm−3 s−1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (≫ 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ∼ 1019 erg cm−3 s−1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ∼ 1017 erg cm−3 s−1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm−3 s−1 and fast cooling with Qf = 10
26 erg cm−3 s−1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm−2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ∼ 3× 1021 erg cm−3 s−1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ∼ 1026 erg cm−3 s−1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc ≈ 4.9× 108 K ( f
1/8
in /Q1/8s,20)

(

ṁ/ṁEdd
)1/8

and fast cooling

Tc ≈ 5.0× 107 K ( f
1/6
in /Q1/6f ,26)

(

ṁ/ṁEdd
)1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as ⟨(∆Z)2⟩ in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.
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For initial abundances 
A > 101, N = 82 shell 
effects maintain high 
impurity cf. talk by Caplan
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Ushomirsky & Rutledge, Shternin et al., Brown & Cumming, Page & Reddy, Turlione et al., 
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dStar: Open-source neutron star cooling



crust cooling | surface temperatures 
after a 12 yr accretion outburst

The following 8 slides were made using the open-
source code dStar (https://github.com/nworbde/dStar).

https://github.com/nworbde/dStar
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heating from 
pycnonuclear 

reactions in the 
inner crust

In this case, crust 
takes decades to cool 

Ushomirsky & Rutledge ‘01



set Qimp = 4



Crust cools in a few 
years; temperature rise 
is less pronounced after 
outburst



Very little evolution of 
surface temperature 
until cooling front 
reaches inner crust.



Add a heat source,
L = 1.7 MeV • dM/dt





12C ignition 
Cumming & Bildsten 2001; Strohmayer & Brown 2002; Cooper & Narayan 2005; 
Cumming et al. 20068

TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm−3 s−1)

a fast 1026 fast cooling

b slow 3× 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm−2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ∼ 1020 erg cm−3 s−1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (≫ 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ∼ 1019 erg cm−3 s−1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ∼ 1017 erg cm−3 s−1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm−3 s−1 and fast cooling with Qf = 10
26 erg cm−3 s−1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm−2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ∼ 3× 1021 erg cm−3 s−1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ∼ 1026 erg cm−3 s−1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc ≈ 4.9× 108 K ( f
1/8
in /Q1/8s,20)

(

ṁ/ṁEdd
)1/8

and fast cooling

Tc ≈ 5.0× 107 K ( f
1/6
in /Q1/6f ,26)

(

ṁ/ṁEdd
)1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as ⟨(∆Z)2⟩ in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.
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This is for mean outburst dM/dt
—see talk by Ootes



Possible resonance in 12C 
Cooper, Steiner, & Brown 2009, following Perez-Torres et al. 2006

666 COOPER, STEINER, & BROWN Vol. 702

To illustrate the effect a strong resonance within the Gamow
window would have on the 12C + 12C reaction rate, we follow the
prediction of Perez-Torres et al. (2006) and assume the existence
of a single, narrow resonance with ER = 1.5 MeV. Then

⟨σv⟩ = ⟨σv⟩NR + ⟨σv⟩R, (42)

⟨σv⟩R =
(

π

3mukBT

)3/2

h̄2(ωγ )R exp
(

− ER

kBT

)
, (43)

where ⟨σv⟩NR is the nonresonant contribution to the total
reaction rate as given in, e.g., Caughlan & Fowler (1988), ⟨σv⟩R
is the resonant contribution,

(ωγ )R = 2(2J + 1)
ΓC(ΓR − ΓC)

ΓR
≈ 2(2J + 1)ΓC (44)

is the resonance strength, J is the total angular momentum of
the resonance, ΓC is the entrance channel width, and ΓR ≫ ΓC
is the resonance width.

The resonant contribution ⟨σv⟩R ∝ (ωγ )R. Using the
Breit–Wigner single resonance formula,

σ (E) = πh̄2

12Emu

(ωγ )RΓR

(E − ER)2 + (ΓR/2)2
(45)

(e.g., Clayton 1983). Evaluating Equation (45) at E = ER,

(ωγ )R = 3.4 × 10− 8
(

ΓR

100 keV

)

×
(

σ (ER)
10− 13 barn

)(
ER

1.5 MeV

)
eV, (46)

where we normalize the resonance width ΓR to that typical of
known resonances (see, e.g., Table IV of Aguilera et al. 2006)
and the cross section at resonance σ (ER) to the approximate
value Perez-Torres et al. (2006) predict. For this work, we adopt
(ωγ )R = 3.4 × 10− 8 eV as the fiducial resonance strength.

To determine an upper limit for (ωγ )R, we demand that the
resonance’s contribution to the astrophysical S-factor at a given
energy E, SR(E), be less than the experimentally measured value
Sexp(E) for all E ! 2.1 MeV, the lowest energy probed at the
time of this writing. The S-factor for 12C + 12C is

S(E) = σ (E)E exp

[

87.21
(

E

MeV

)− 1/2

+ 0.46
(

E

MeV

)]

(47)
(Patterson et al. 1969; Clayton 1983). From Equations (45)
and (47), we write

SR(E) = S(ER)
(ΓR/2)2

(E − ER)2 + (ΓR/2)2
. (48)

Using Equations (45), (47), and (48), demanding that SR(E) <
Sexp(E), and noting that (E − ER)2 ≫ (ΓR/2)2, we find

(ωγ )R < 5.5 × 10− 8
(

ΓR

100 keV

)− 1

×
[(

E − ER

MeV

)2 (
Sexp(E)

1016 MeV barn

)]

eV (49)
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Figure 2. Ratio of the total thermally averaged reaction rate ⟨σv⟩ = ⟨σv⟩NR +
⟨σv⟩R to the nonresonant contribution ⟨σv⟩NR for a hypothetical 1.5 MeV
resonance with strength (ωγ )R = 3.4 × 10− 8 eV, the fiducial value, as a
function of temperature T = T8 × 108 K. The resonance increases ⟨σv⟩ by a
factor ! 25 near T8 ≈ 5.

for a resonance at ER = 1.5 MeV. Equation (49) must be
satisfied for all E. According to the experimental data, the
minimum value of the bracketed term is ≈ 1 (see, e.g., Figure 4
of Spillane et al. 2007), so

(ωγ )R < 5.5 × 10− 8
(

ΓR

100 keV

)− 1

eV. (50)

If ΓR ≈ 100 keV, then our fiducial strength (ωγ )R = 3.4 ×
10− 8 eV is comparable to the maximum possible strength. ΓR
may be much smaller, however; the resonance at 2.14 MeV,
the lowest-energy resonance known as of this writing, has a
width ΓR < 12 keV (Spillane et al. 2007). Therefore, we set
(ωγ )R = 3.4 × 10− 7 eV, which is 10 times larger than our
fiducial rate, as a reasonable upper limit.

Figure 2 shows the effect a 1.5 MeV resonance has on the
reaction rate ⟨σv⟩. For the fiducial (ωγ )R value, the resonance
increases ⟨σv⟩ by a factor !25 at temperatures relevant to
superbursts; for the (ωγ )R upper limit, the resonance increases
⟨σv⟩ by a factor !250. These increases are of the order required
to reconcile the observationally inferred Σign with that calculated
from theoretical models for a specific range of assumed crust
thermal conductivities and core neutrino emissivities. In the
following section, we compute the superburst Σign with the effect
of this resonance.

5. EFFECTS OF A RESONANCE ON SUPERBURST
IGNITION

We use the global linear stability analysis of Cooper &
Narayan (2005) to determine the effect a strong resonance in
the 12C + 12C system would have on the superburst ignition
depth Σign. We assume steady spherical accretion onto a neutron
star of mass M = 1.4 M⊙ and radius R = 10 km. The accreted
matter composition is that of the Sun: the hydrogen mass fraction
X = 0.7, helium mass fraction Y = 0.28, and heavy-element
mass fraction Z = 0.02. Furthermore, we follow Cumming
et al. (2006) and assume the 12C mass fraction XC = 0.2 at the
base of the accreted layer.

We make the following two modifications to the model of
Cooper & Narayan (2005). (1) Cooper & Narayan (2005)



Nine years later…

The Procession of the Trojan Horse into Troy 
Giovanni Domenico Tiepolo 

ca. 1760

LETTER
https://doi.org/10.1038/s41586-018-0149-4

An increase in the 12C + 12C fusion rate from 
resonances at astrophysical energies
A. Tumino1,2*, C. Spitaleri2,3, M. La Cognata2, S. Cherubini2,3, G. L. Guardo2,4, M. Gulino1,2, S. Hayakawa2,5, I. Indelicato2,  
L. Lamia2,3, H. Petrascu4, R. G. Pizzone2, S. M. R. Puglia2, G. G. Rapisarda2, S. Romano2,3, M. L. Sergi2, R. Spartá2 & L. Trache4

Carbon burning powers scenarios that influence the fate of stars, 
such as the late evolutionary stages of massive stars1 (exceeding 
eight solar masses) and superbursts from accreting neutron stars2,3. 
It proceeds through the 12C + 12C fusion reactions that produce an 
alpha particle and neon-20 or a proton and sodium-23—that is, 
12C(12C, α)20Ne and 12C(12C, p)23Na—at temperatures greater than 
0.4 × 109 kelvin, corresponding to astrophysical energies exceeding a 
megaelectronvolt, at which such nuclear reactions are more likely to 
occur in stars. The cross-sections4 for those carbon fusion reactions 
(probabilities that are required to calculate the rate of the reactions) 
have hitherto not been measured at the Gamow peaks4 below 2 
megaelectronvolts because of exponential suppression arising from 
the Coulomb barrier. The reference rate5 at temperatures below 
1.2 × 109 kelvin relies on extrapolations that ignore the effects of 
possible low-lying resonances. Here we report the measurement of 
the 12C(12C, α0,1)20Ne and 12C(12C, p0,1)23Na reaction rates (where 
the subscripts 0 and 1 stand for the ground and first excited states 
of 20Ne and 23Na, respectively) at centre-of-mass energies from 2.7 
to 0.8 megaelectronvolts using the Trojan Horse method6,7 and 
the deuteron in 14N. The cross-sections deduced exhibit several 
resonances that are responsible for very large increases of the 
reaction rate at relevant temperatures. In particular, around 5 × 108 
kelvin, the reaction rate is boosted to more than 25 times larger than 
the reference value5. This finding may have implications such as 
lowering the temperatures and densities8 required for the ignition 
of carbon burning in massive stars and decreasing the superburst 
ignition depth in accreting neutron stars to reconcile observations 
with theoretical models3.

We measured the 12C(14N, α20Ne)2H and 12C(14N, p23Na)2H three-
body processes in the quasi-free kinematic regime using the Trojan 
Horse Method (THM). The THM is an indirect technique with which 
to measure low-energy nuclear reactions unhindered by the Coulomb 
barrier and free of electron screening. The experimental and analysis 
procedures are detailed in Methods sections ‘THM basic features’, ‘One-
level many-channel THM formalism’, ‘Experimental setup and channel 
selection’ and ‘Deuteron momentum distribution’. The experiment was 
performed at INFN, Laboratori Nazionali del Sud, Italy. A 30-MeV 14N 
beam accelerated by the MP Tandem accelerator was delivered onto a 
carbon target. The detection setup consisted of two silicon telescopes, 
devoted to the detection of α–d and p–d coincidences. The occurrence 
and the dominance of the quasi-free mechanism5 was indicated by the 
agreement between the shapes of the experimental and the theoretical 
d momentum distributions (Extended Data Fig. 1).

The THM experimental yields projected onto the 12C–12C relative 
energy variable, the centre-of-mass energy Ecm, are shown as black dots 
in Fig. 1a (20Ne + α0), Fig. 1b (20Ne + α1), Fig. 1c (23Na + p0) and Fig. 1d 
(23Na + p1). A smooth four-body background due to 16O + α + α + d 
was subtracted from the THM yields for the 20Ne + α0,1 channels. Error 
bars display the statistical errors and account for background subtrac-
tion uncertainty, when applicable, combined in quadrature.

A modified one-level many-channel R-matrix analysis was  
carried out including the excited states of the 24Mg nucleus reported  
in Extended Data Table 19–13. The fraction of the total fusion yield 
from α and p channels14,15 other than α0,1 and p0.1 was neglected with 
estimated errors at Ecm < 2 MeV lower than 1% and 2% for the α and 
p channels, respectively (see Methods section ‘Modified R-matrix 
analysis’).

The results are shown in Fig. 1a–d as red lines and with light-red 
shading indicating the uncertainties on the resonance parameters, 
including correlations. Agreement with experimental data is fair and 
confirmed by the reduced χ2 (that is, χ!2) values of 0.73 for 20Ne + α0, 
1.06 for 20Ne + α1, 0.54 for 23Na + p0 and 1.34 for 23Na + p1. The reso-
nance structure observed in the excitation functions is consistent with 
24Mg level energies reported in the literature, with some tendency for 
the even-J states to be clustered11 at about 1.5 MeV. The THM-reduced 
widths thus entered a standard R-matrix code16 and the S(E) factors 
(see Methods section ‘Astrophysical S(E) factor’) for the four reaction 
channels were determined.

The results are shown in Fig. 2a (20Ne + α0), Fig. 2b (20Ne + α1), 
Fig. 2c (23Na + p0) and Fig. 2d (23Na + p1), in terms of the modified S(E) 
factor15,17, S(E)*, (see Methods subsection ‘Astrophysical S(E) factor’). 
The black line and grey shading in each panel represent the best-fit 
curve and the range defined by the total uncertainties, respectively. The 
grey shading is the result of R-matrix calculations with lower and upper 
values of the resonance parameters provided by their errors after being 
combined with the normalization one. Excursions from the midline 
range from 11% to 20%.

The resonant structures are superimposed onto a flat nonresonant 
background15 of 0.4 × 1016 MeV b. Unitarity of the S matrix is guar-
anteed within the experimental uncertainties. Normalization to direct 
data was done in the Ecm window 2.50–2.63 MeV of the 20Ne + α1 chan-
nel, where a sharp resonance corresponding to the 16.5-MeV level9 of 
24Mg appears and available data15,18–20 in this region are the most accu-
rate of those overlapping with THM data. By scaling to the resonance by 
means of a weighted normalization, the resulting normalization error is 
5%, shown as grey shading in Fig. 2a–d, combined in quadrature with 
errors on the resonance parameters.

Existing direct data below Ecm = 3 MeV are shown as red filled 
circles15, purple filled squares18, blue empty diamonds19, blue filled 
stars20 and green filled triangles21 in Fig. 2. Their low-energy limit is 
mostly fixed by the background due to hydrogen contamination in the 
targets18–21 and the higher S(E) values for the p1 channel in some of 
them19–21 were attributed to Coulomb excitation of 23Na contamina-
tion in the targets or collimators15,20. Disregarding these cases, agree-
ment between THM results and direct data are apparent within the 
experimental errors, except for the direct low-energy limit around 2.14 
MeV, where THM data do not confirm the claim of a strong resonance; 
instead, there is a nearby resonance at 2.095 MeV, about one order 
of magnitude less intense in the 20Ne + α1 channel (see Fig. 2b) and 
with similar intensity in the 23Na + p1 one (see Fig. 2d). The present 
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result is in agreement with spectroscopy studies9,22 that report a dip 
at 2.14 MeV and no particularly strong α state at around 2.1 MeV. 
Further agreement is found with unpublished experimental data down 
to Ecm = 2.15 MeV for the 12C(12C, p0,1)23N reactions23. Our result is 
also consistent within experimental errors with the total S(E)* from 
a recent experiment at higher energies24, which was calculated at the 
overlapping Ecm = 2.68 ± 0.08 MeV.

The reaction rates for the four processes were calculated from the 
THM S(E)* factors using the standard formula4 and summed to obtain 
the total 12C + 12C reaction rate. Its numerical values are given in 
Extended Data Table 2 (see Methods section ‘Numerical values of the 
12C + 12C reaction rate’). We recommend an analytical expression for 
the reaction rate and for its upper and lower limits, based on the same 
formulae as reported in the REACLIB library25. This expression is valid 
in the temperature range 0.1 GK ≤ T ≤ 3 GK with an accuracy better 
than 0.7% (χ = .! 0 12 ), which refers to the maximum difference between 
the analytical function and the centroids of the experimental points. 
This is given by:

⟨ ⟩ ∑ ∑σ = = + +

+ + + +
= =

− − /

/ /

N v f a a T a T

a T a T a T a T

exp[

ln( )
(1)A i i i i i i

i i i i

1
3

1
3

1 2
1

3
1 3

4
1 3

5 6
5 3

7

Parameters aij with 1 < i < 3 and 1 < j < 7 are given in Table 1, with 
subscripts ‘u’ and ‘l’ for the upper and lower limits. They result from a 
fit performed using the NUCASTRODATA toolkit (http://www.nucas-
trodata.org/).

The total THM reaction rate was divided by the reference rate5. The 
resulting ratio is shown in Fig. 3. The black line represents the rate from 
the present work, with the grey shading defining the region fixed by 
the total uncertainty (Methods subsection ‘Numerical values of the 
12C + 12C reaction rate’), whereas the red line refers to the reference rate5.

The light-blue shading shows the temperature range relevant for 
superbursts (about 0.4–0.5 GK), the light-red shading highlights typical 
temperatures for hydrostatic carbon burning in massive stars (about 
0.6–1.0 GK in the core and up to 1.2 GK in the shell, depending on the 
stellar mass), whereas the light-green shading marks the temperatures 
of explosive carbon burning (about 1.8–2.5 GK). As shown in Fig. 3, 
the reaction rate changes below 2 GK with an increase with respect 
to the reference non-resonant one5 from a factor of 1.18 at 1.2 GK 
(***P < 0.001) to a factor of more than 25 at 0.5 GK (****P < 0.00001). 
The latter increase, mainly due to the resonances around Ecm = 1.5 
MeV, supports the conjectured fiducial value3 required to reduce the 
theoretical superburst ignition depths in accreting neutron stars by a 
factor of 2 for a range of realistic parameters and core neutrino emissiv-
ities. This change matches the observationally inferred ignition depths 
and can be translated into an ignition temperature below 0.5 GK, com-
patible with the calculated crust temperature. In other words, carbon 
burning can trigger superbursts. A similar decrease in temperature is 
obtained by using the crust Urca shell neutrino emissivities26, recently 
invoked to explain the cooling of the outer neutron star crust, while 
thermally decoupling the surface layers from the deeper crust. Under 
this hypothesis, a revision of current superburst models and predicted 
light curves is required and our finding could represent the missing 
heat source in the standard carbon ignition scenario.

In the hydrostatic carbon burning regime, the present rate change 
will lower the temperatures and densities at which 12C ignites in mas-
sive post-main-sequence stars. We make use of stellar modelling8 for 
core carbon burning of a star of 25 solar masses to determine that the 
ignition temperature and density would decrease to 10% and 30% 
respectively. This would reduce the neutrino losses, thus causing the 
carbon burning stage to occur for a lifetime (of the carbon burning 
phase) longer by up to a factor of 70. The new rate would also affect 
abundances of species that are the main fuel for subsequent evolution-
ary phases. However, such abundances are influenced also by the ratio 
of the α to p yields if it deviates from unity. From the present experi-
ment, the average value of this ratio is around 2. In particular, at 0.8 GK 
this ratio is 1.6 ± 0.4, and it becomes 2.2 ± 0.6 at 2 GK. The 12C + 12C 
rate is also the most important nuclear physics input governing the 
minimum stellar mass Mup required for hydrostatic carbon burning to 
occur. Mup is fundamental to our understanding, for instance, of the 
evolution of supernova progenitors and the white dwarf luminosity 
functions. From the present result, we consider that the present value 
of Mup will not be strongly affected, in contrast to what has been pre-
dicted27,28 when assuming a much larger increase (up to nine orders 
of magnitude) in the reaction rate, but it is worth noticing that stel-
lar models are also very sensitive to small changes of this parameter. 
However, a sound evaluation of Mup requires a better understanding 
of the ratio of the initial mass to the final core mass.

Below 0.4 GK the rate experiences a huge increase by up to a factor  
of 800 owing to the lowest-energy resonances occurring around  
Ecm = 1 MeV. It has been conjectured that the existence of such low- 
energy resonances might shift the ignition curve of type Ia  
supernovae to lower central densities3. This should be assessed  
for the various progenitor scenarios. Much additional work is needed 

Table 1 | Coefficients of the analytical function of the 12C + 12C reaction rate using equation (1)
aij f1 f2 f3 f1u f2u f3u f1l f2l f3l

ai1 1.22657 × 102 9.03221 × 101 2.28039 × 102 1.22687 × 102 9.03982 × 101 2.28056 × 102 3.21570 × 102 6.08741 × 102 3.14593 × 103

ai2 0.557112 −8.35888 −1.16039 × 101 0.557664 −8.35720 −1.15681 × 101 −0.815182 −1.42976 × 101 −2.26169 × 101

ai3 −905657 × 101 −6.17552 × 101 −2.40364 × 102 −9.05616 × 101 −6.17282 × 101 −2.40343 × 102 3.17671 × 101 3.43845 × 102 1.36110 × 103

ai4 −6.83561 × 101 −1.07514 × 102 −9.21375 × 101 −6.83178 × 101 −1.07358 × 102 −9.21156 × 101 −4.22173 × 102 −1.11874 × 103 −5.16494 × 103

ai5 1.42906 × 101 7.20344 × 101 1.25411 × 10−2 1.42891 × 101 7.20835 × 101 1.25484 × 102 5.23691 × 101 1.73098 × 102 7.85965 × 102

ai6 −2.43583 −1.37501 × 101 −3.25984 × 101 −2.46506 −1.38060 × 101 −3.24417 × 101 −6.35869 −2.33743 × 101 −1.29447 × 102

ai7 9.32623 −1.91793 × 101 −1.10903 × 102 9.35304 −1.91920 × 101 −1.10961 × 102 1.34509 × 102 3.60334 × 102 1.60224 × 103

Coefficients of the analytical function (equation (1)) of the 12C+12C reaction rate and of its upper and lower limits. They result from a fit of the numerical values given in Extended Data Table 2 using the 
reaction rate parameterizer from the NUCASTRODATA toolkit (http://www.nucastrodata.org/).
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Fig. 3 | 12C + 12C reaction rate ratio. Ratio between the total THM 
12C + 12C reaction rate (black line) and the reference one4 (red line). The 
grey shading defines the region spanned owing to the ±1σ uncertainties. 
The coloured shading marks typical temperature regions for carbon 
burning in different scenarios: light blue for superbursts from accreting 
neutron stars, light red for hydrostatic carbon burning in massive stars 
and light green for explosive carbon burning; comparison with the red line 
(non-resonant assumption) gives ***P < 0.001 in the region of hydrostatic 
burning and ****P < 0.00001 at superburst temperatures.
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result is in agreement with spectroscopy studies9,22 that report a dip 
at 2.14 MeV and no particularly strong α state at around 2.1 MeV. 
Further agreement is found with unpublished experimental data down 
to Ecm = 2.15 MeV for the 12C(12C, p0,1)23N reactions23. Our result is 
also consistent within experimental errors with the total S(E)* from 
a recent experiment at higher energies24, which was calculated at the 
overlapping Ecm = 2.68 ± 0.08 MeV.

The reaction rates for the four processes were calculated from the 
THM S(E)* factors using the standard formula4 and summed to obtain 
the total 12C + 12C reaction rate. Its numerical values are given in 
Extended Data Table 2 (see Methods section ‘Numerical values of the 
12C + 12C reaction rate’). We recommend an analytical expression for 
the reaction rate and for its upper and lower limits, based on the same 
formulae as reported in the REACLIB library25. This expression is valid 
in the temperature range 0.1 GK ≤ T ≤ 3 GK with an accuracy better 
than 0.7% (χ = .! 0 12 ), which refers to the maximum difference between 
the analytical function and the centroids of the experimental points. 
This is given by:
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Parameters aij with 1 < i < 3 and 1 < j < 7 are given in Table 1, with 
subscripts ‘u’ and ‘l’ for the upper and lower limits. They result from a 
fit performed using the NUCASTRODATA toolkit (http://www.nucas-
trodata.org/).

The total THM reaction rate was divided by the reference rate5. The 
resulting ratio is shown in Fig. 3. The black line represents the rate from 
the present work, with the grey shading defining the region fixed by 
the total uncertainty (Methods subsection ‘Numerical values of the 
12C + 12C reaction rate’), whereas the red line refers to the reference rate5.

The light-blue shading shows the temperature range relevant for 
superbursts (about 0.4–0.5 GK), the light-red shading highlights typical 
temperatures for hydrostatic carbon burning in massive stars (about 
0.6–1.0 GK in the core and up to 1.2 GK in the shell, depending on the 
stellar mass), whereas the light-green shading marks the temperatures 
of explosive carbon burning (about 1.8–2.5 GK). As shown in Fig. 3, 
the reaction rate changes below 2 GK with an increase with respect 
to the reference non-resonant one5 from a factor of 1.18 at 1.2 GK 
(***P < 0.001) to a factor of more than 25 at 0.5 GK (****P < 0.00001). 
The latter increase, mainly due to the resonances around Ecm = 1.5 
MeV, supports the conjectured fiducial value3 required to reduce the 
theoretical superburst ignition depths in accreting neutron stars by a 
factor of 2 for a range of realistic parameters and core neutrino emissiv-
ities. This change matches the observationally inferred ignition depths 
and can be translated into an ignition temperature below 0.5 GK, com-
patible with the calculated crust temperature. In other words, carbon 
burning can trigger superbursts. A similar decrease in temperature is 
obtained by using the crust Urca shell neutrino emissivities26, recently 
invoked to explain the cooling of the outer neutron star crust, while 
thermally decoupling the surface layers from the deeper crust. Under 
this hypothesis, a revision of current superburst models and predicted 
light curves is required and our finding could represent the missing 
heat source in the standard carbon ignition scenario.

In the hydrostatic carbon burning regime, the present rate change 
will lower the temperatures and densities at which 12C ignites in mas-
sive post-main-sequence stars. We make use of stellar modelling8 for 
core carbon burning of a star of 25 solar masses to determine that the 
ignition temperature and density would decrease to 10% and 30% 
respectively. This would reduce the neutrino losses, thus causing the 
carbon burning stage to occur for a lifetime (of the carbon burning 
phase) longer by up to a factor of 70. The new rate would also affect 
abundances of species that are the main fuel for subsequent evolution-
ary phases. However, such abundances are influenced also by the ratio 
of the α to p yields if it deviates from unity. From the present experi-
ment, the average value of this ratio is around 2. In particular, at 0.8 GK 
this ratio is 1.6 ± 0.4, and it becomes 2.2 ± 0.6 at 2 GK. The 12C + 12C 
rate is also the most important nuclear physics input governing the 
minimum stellar mass Mup required for hydrostatic carbon burning to 
occur. Mup is fundamental to our understanding, for instance, of the 
evolution of supernova progenitors and the white dwarf luminosity 
functions. From the present result, we consider that the present value 
of Mup will not be strongly affected, in contrast to what has been pre-
dicted27,28 when assuming a much larger increase (up to nine orders 
of magnitude) in the reaction rate, but it is worth noticing that stel-
lar models are also very sensitive to small changes of this parameter. 
However, a sound evaluation of Mup requires a better understanding 
of the ratio of the initial mass to the final core mass.

Below 0.4 GK the rate experiences a huge increase by up to a factor  
of 800 owing to the lowest-energy resonances occurring around  
Ecm = 1 MeV. It has been conjectured that the existence of such low- 
energy resonances might shift the ignition curve of type Ia  
supernovae to lower central densities3. This should be assessed  
for the various progenitor scenarios. Much additional work is needed 

Table 1 | Coefficients of the analytical function of the 12C + 12C reaction rate using equation (1)
aij f1 f2 f3 f1u f2u f3u f1l f2l f3l

ai1 1.22657 × 102 9.03221 × 101 2.28039 × 102 1.22687 × 102 9.03982 × 101 2.28056 × 102 3.21570 × 102 6.08741 × 102 3.14593 × 103

ai2 0.557112 −8.35888 −1.16039 × 101 0.557664 −8.35720 −1.15681 × 101 −0.815182 −1.42976 × 101 −2.26169 × 101

ai3 −905657 × 101 −6.17552 × 101 −2.40364 × 102 −9.05616 × 101 −6.17282 × 101 −2.40343 × 102 3.17671 × 101 3.43845 × 102 1.36110 × 103

ai4 −6.83561 × 101 −1.07514 × 102 −9.21375 × 101 −6.83178 × 101 −1.07358 × 102 −9.21156 × 101 −4.22173 × 102 −1.11874 × 103 −5.16494 × 103

ai5 1.42906 × 101 7.20344 × 101 1.25411 × 10−2 1.42891 × 101 7.20835 × 101 1.25484 × 102 5.23691 × 101 1.73098 × 102 7.85965 × 102

ai6 −2.43583 −1.37501 × 101 −3.25984 × 101 −2.46506 −1.38060 × 101 −3.24417 × 101 −6.35869 −2.33743 × 101 −1.29447 × 102

ai7 9.32623 −1.91793 × 101 −1.10903 × 102 9.35304 −1.91920 × 101 −1.10961 × 102 1.34509 × 102 3.60334 × 102 1.60224 × 103

Coefficients of the analytical function (equation (1)) of the 12C+12C reaction rate and of its upper and lower limits. They result from a fit of the numerical values given in Extended Data Table 2 using the 
reaction rate parameterizer from the NUCASTRODATA toolkit (http://www.nucastrodata.org/).
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Fig. 3 | 12C + 12C reaction rate ratio. Ratio between the total THM 
12C + 12C reaction rate (black line) and the reference one4 (red line). The 
grey shading defines the region spanned owing to the ±1σ uncertainties. 
The coloured shading marks typical temperature regions for carbon 
burning in different scenarios: light blue for superbursts from accreting 
neutron stars, light red for hydrostatic carbon burning in massive stars 
and light green for explosive carbon burning; comparison with the red line 
(non-resonant assumption) gives ***P < 0.001 in the region of hydrostatic 
burning and ****P < 0.00001 at superburst temperatures.
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12C ignition 
Cumming & Bildsten 2001; Strohmayer & Brown 2002; Cooper & Narayan 2005; 
Cumming et al. 2006
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TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm−3 s−1)

a fast 1026 fast cooling

b slow 3× 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm−2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ∼ 1020 erg cm−3 s−1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (≫ 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ∼ 1019 erg cm−3 s−1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ∼ 1017 erg cm−3 s−1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm−3 s−1 and fast cooling with Qf = 10
26 erg cm−3 s−1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm−2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ∼ 3× 1021 erg cm−3 s−1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ∼ 1026 erg cm−3 s−1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc ≈ 4.9× 108 K ( f
1/8
in /Q1/8s,20)

(

ṁ/ṁEdd
)1/8

and fast cooling

Tc ≈ 5.0× 107 K ( f
1/6
in /Q1/6f ,26)

(

ṁ/ṁEdd
)1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as ⟨(∆Z)2⟩ in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

No. 1, 2009 POSSIBLE RESONANCES IN THE 12C + 12C FUSION RATE AND SUPERBURST IGNITION 667

followed Brown (2000) and assumed the energy generated
by electron captures, neutron emissions, and pycnonuclear
reactions in the crust was distributed uniformly between Σ12 =
6 × 103 and 2 × 105. We now follow Haensel & Zdunik
(2008) and distribute the energy according to their Table A.3.
(2) Plasma screening reduces the entrance channel width ΓC.
Therefore, the plasma screening enhancement for the resonant
contribution to the reaction rate includes a correction factor that
reduces the overall enhancement (Salpeter & Van Horn 1969;
Mitler 1977), although the reduction is only a few percent for
the conditions relevant for superbursts (see, e.g., Figure 1 of
Cussons et al. 2002). We now use the formalism of Itoh et al.
(2003) for the plasma enhancement factors of both the resonant
and nonresonant contributions.

The 12C + 12C reaction rate, accretion rate Σ̇, and ocean
temperature profile together determine Σign. The temperature
profile is a strong function of the crust’s thermal conductivity
and core’s neutrino emissivity, both of which are poorly con-
strained. We parametrize these uncertainties by implementing
two conductivity and three core neutrino emissivity prescrip-
tions that likely bracket their true values in accreting neutron
stars. The thermal conductivity is a decreasing function of the
impurity parameter Qimp = ⟨Z2⟩ − ⟨Z⟩2 (Itoh & Kohyama
1993, see also Daligault & Gupta 2009). Schatz et al. (1999)
found Qimp ∼ 100 from steady state nucleosynthesis calcula-
tions, although subsequent calculations suggest that Qimp should
be smaller (Schatz et al. 2003a; Woosley et al. 2004a; Koike
et al. 2004; Horowitz et al. 2007, 2009). In addition, fits to
the quiescent light curves of KS 1731−260 (Shternin et al.
2007; Brown & Cumming 2009) and MXB 1659−29 (Brown
& Cumming 2009) require that Qimp ∼ 1. Since both obser-
vations and molecular dynamics simulations imply that the
crust forms an ordered lattice, we adopt Qimp = 3 and 100
as the two bracketing values. The core neutrino emissivity, and
thereby the core cooling rate, depends on the unknown ultra-
dense matter equation of state (for reviews, see Yakovlev &
Pethick 2004; Page et al. 2006). We consider one “fast” cool-
ing model for which the pion condensate process dominates
and two “slow” cooling models for which either the modi-
fied Urca or nucleon–nucleon bremsstrahlung process domi-
nates (see, e.g., Table 1 of Page et al. 2006); these roughly
correspond to cases “A,” “B,” and “D” of Cumming et al.
(2006, see their Table 2). The respective core temperatures
for these models are approximately 3 × 107 K, 3 × 108 K,
and 6 × 108 K.

Figure 3 shows the superburst ignition column depth Σign

as a function of Σ̇/Σ̇Edd for various neutron star models.7
A 1.5 MeV resonance in the 12C + 12C system lowers Σign
by a factor ≈ 2 and ≈ 4 for the fiducial and maximum (ωγ )R
values, respectively; the lowered Σign values are in accord
with the observationally inferred values for a range of realistic
neutron star model parameters. Therefore, we conclude that (1)
a strong resonance may exist at an energy ≈ 1.5 MeV above the
12C + 12C ground state, and (2) if such a resonance exists, it

7 The critical Σ̇ below which 12C burns stably calculated in our global
stability analysis is lower than that calculated in the one-zone model of
Cumming et al. (2006, compare to their Figure 15). The reason is simple:
following Cumming & Bildsten (2001), they demand that the characteristic
lifetime of a 12C ion XC/rnuc > tacc. However, rnuc depends exponentially on
the density due to plasma screening (Section 4.1), so 12C burning occurs in a
narrow column depth range, much like the electron captures discussed in
Section 2.3. Thus, the proper criterion is XC/rnuc > tacc∆Σ/Σ, where ∆Σ/Σ is
similar to the expression given in Equation (10). This proper criterion gives a
lower critical Σ̇, in accord with our results.
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Figure 3. Superburst ignition column depth Σign as a function of the Eddington-
scaled accretion rate Σ̇/Σ̇Edd for various model parameters. Solid (dashed) lines
show results for models with impurity parameter Qimp = 3 (100). “Pion,”
“Modified Urca,” and “Bremsstrahlung” refer to the core’s dominant neutrino
emission mechanism. For a given Qimp and neutrino emission mechanism, the
three lines show results for a 12C + 12C reaction rate with no resonances (the
standard rate), a hypothetical 1.5 MeV resonance with the fiducial strength
(ωγ )R = 3.4 × 10−8 eV, and a hypothetical 1.5 MeV resonance with an
approximate maximum strength (ωγ )R = 3.4 × 10−7 eV, from top to bottom.
The boxes show the inferred Σign and Σ̇ ranges for the majority of observed
superbursts. A 1.5 MeV resonance lowers Σign by a factor ≈ 2 and ≈ 4 for the
fiducial and maximum (ωγ )R values, respectively.

will mitigate the discrepancy between observationally inferred
superburst ignition depths and those calculated from theoretical
models.

For the low-mass X-ray transient 4U 1608−522, which exhib-
ited a superburst, the thermal quiescent luminosity constrains the
core temperature to be ≈ 2.5×108 K. Fits to the superburst light
curve find an ignition column Σign = (1.5–4.1) × 1012 g cm−2.
A resonance at 1.5 MeV could make the ignition temperature
over this range as low as (4.1–4.8)×108 K, which is marginally
consistent with the calculated crust temperature at the time of
the superburst (Keek et al. 2008).

For the transient KS 1731−260, the timescale for the effective
temperature to decrease implies Qimp ! 1, and the lowest
observed effective temperature implies that the core temperature
is !108 K (Shternin et al. 2007; Brown & Cumming 2009).
Under these conditions, the temperature at Σ ≈ 1012 g cm−2 is
unlikely to be >3 × 108 K and therefore too cold to match
the inferred ignition depth, even if the proposed resonance
exists. Recent theoretical calculations of nuclear reactions in
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• KS1731–26: bursts (with oscillations), superbursts, 
crust cooling: can we make a consistent model? 
Talks by Ootes, Meisel 

• What produces shallow heating? 

• Compositional domains in crust: extend reaction 
network calculations to include neutron diffusion—
is the inner crust unique?  
Talks by Caplan, Deibel


