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Overview

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.

0.51
0.52
0.57

1.9
1.6
1.3

M/M T  [10  K]C
9

FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L

%1
9 t%1

C Þ1=6.
Assuming L9 is not very strongly affected by protonCT  = 10  K

T  = 0CCT  = 5.5x10  K8

9

FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Overview

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data
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superconductivity. Figure 4 demonstrates that the result
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in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
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models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.

0.51
0.52
0.57

1.9
1.6
1.3

M/M T  [10  K]C
9

FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
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8 112. Axions and Other Similar Particles

Recently, it has been pointed out that the hints of excessive cooling of WDs, RGs and HB
stars can be explained at one stroke by an ALP coupling to electrons and photons, with couplings
|gAee| ≥ 1.5 ◊ 10≠13 and |gA““ | ≥ 1.4 ◊ 10≠11 GeV≠1, respectively [85, 86]. Intriguingly, good fits
to the data can be obtained employing the DFSZ axion with a mass in the range 4 meV . mA .
250 meV [85].

Similar constraints derive from the measured duration of the neutrino signal of the supernova
SN 1987A. Numerical simulations for a variety of cases, including axions and Kaluza-Klein gravi-
tons, reveal that the energy-loss rate of a nuclear medium at the density 3 ◊ 1014 g cm≠3 and
temperature 30 MeV should not exceed about 1 ◊ 1019 erg g≠1 s≠1 [87]. The energy-loss rate from
nucleon bremsstrahlung, N + N æ N + N + A, is (CN /2fA)2(T 4

/fi
2
mN ) F . Here F is a numerical

factor that represents an integral over the dynamical spin-density structure function because axions
couple to the nucleon spin. For realistic conditions, even after considerable e�ort, one is limited
to a heuristic estimate leading to F ¥ 1 [69]. The SN 1987A limits are of particular interest for
hadronic axions where the bounds on |gAee| are moot. Using a proton fraction of 0.3, gAnn = 0,
F = 1, and T = 30 MeV, one finds fA & 4 ◊ 108 GeV and mA . 16 meV [69], see Fig. 112.2 (right
panel). A more detailed numerical calculation [88] with state of the art SN models, again assuming
gAnn = 0, found that a coupling larger than |gApp| & 6 ◊ 10≠10, would shorten significantly the
timescale of the neutrino emission. This result is, not surprisingly, rather close to the estimate in
Ref. [69]. Improving the calculation of axion emission via nucleon-nucleon bremsstrahlung beyond
the basic one-pion exchange approximation appears to losen the bound [89, 90]. The latter anal-
ysis finds a reduction of the axion emissivity by an order of magnitude if one takes into account
the non-vanishing mass of the exchanged pion, the contribution from two-pion exchange, e�ective
in-medium nucleon masses and multiple nucleon scattering, leading to a looser bound (Maurizio
Giannotti and Alessandro Mirizzi, private communication)

g
2
Ann + 0.29 g

2
App + 0.27 gAnn gApp < 3.25 ◊ 10≠18

. (112.16)

However, with the present understanding of SNe (current lack of self-consistent 3D SN simulations)
and the sparse data from SN 1987A, the constraint on the axion-nucleon couplings from SN 1987A
should be considered more as indicative than as a sharp bound [88].

If axions interact su�ciently strongly they are trapped. Only about three orders of magnitude
in gANN or mA are excluded. For even larger couplings, the axion flux would have been negligible,
yet it would have triggered additional events in the detectors, excluding a further range [91]. A
possible gap between these two SN 1987A arguments was discussed as the “hadronic axion window”
under the assumption that gA““ was anomalously small [92]. This range is now excluded by hot
dark matter (HDM) bounds (see below).

There is another hint for excessive stellar energy losses from the neutron star (NS) in the
supernova remnant Cassiopeia A (Cas A): its surface temperature measured over 10 years reveals
an unusually fast cooling rate. This rapid cooling of the Cas A NS may be explained by NS minimal
cooling with neutron superfluidity and proton superconductivity [93, 94]. The rapid cooling may
also arise from a phase transition of the neutron condensate into a multicomponent state [95].
Recently, Ref. [96] analyzed Cas A NS cooling in the presence of axion emission and obtained

g
2
App + 1.6g

2
Ann < 1 ◊ 10≠18

, (112.17)

which is comparable to the SN 1987A bound. Refs. [97] put a more conservative bound without an
attempt to fit a transient behavior of Cas A,

g
2
App < (1 ≠ 6) ◊ 10≠17(or fA > (5 ≠ 10) ◊ 107 GeV), (112.18)
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112.1 Introduction

In this section, we list coupling-strength and mass limits for light neutral scalar or pseudoscalar
bosons that couple weakly to normal matter and radiation. Such bosons may arise from the
spontaneous breaking of a global U(1) symmetry, resulting in a massless Nambu-Goldstone (NG)
boson. If there is a small explicit symmetry breaking, either already in the Lagrangian or due to
quantum e�ects such as anomalies, the boson acquires a mass and is called a pseudo-NG boson.
Typical examples are axions (A0) [1–4], familons [5] and majorons [6], associated, respectively, with
a spontaneously broken Peccei-Quinn, family and lepton-number symmetry.

A common feature of these light bosons „ is that their coupling to Standard-Model particles is
suppressed by the energy scale that characterizes the symmetry breaking, i.e., the decay constant
f . The interaction Lagrangian is

L = f
≠1

J
µ
ˆµ „ , (112.1)

where J
µ is the Noether current of the spontaneously broken global symmetry. If f is very large,

these new particles interact very weakly. Detecting them would provide a window to physics far
beyond what can be probed at accelerators.

Axions are of particular interest because the Peccei-Quinn (PQ) mechanism remains perhaps
the most credible scheme to preserve CP-symmetry in QCD. Moreover, the cold dark matter (CDM)
of the universe may well consist of axions and they are searched for in dedicated experiments with
a realistic chance of discovery.

Originally it was assumed that the PQ scale fA was related to the electroweak symmetry-
breaking scale vEW = (

Ô
2GF)≠1/2 = 247 GeV. However, the associated “standard” and “variant”

axions were quickly excluded—we refer to the Listings for detailed limits. Here we focus on “invisible
axions” with fA ∫ vEW as the main possibility.

Axions have a characteristic two-photon vertex, inherited from their mixing with fi
0 and ÷.

This coupling allows for the main search strategy based on axion-photon conversion in external
magnetic fields [7], an e�ect that also can be of astrophysical interest. While for axions the product
“A““ interaction strength ◊ mass” is essentially fixed by the corresponding fi

0 properties, one may
consider a more general class of axion-like particles (ALPs) where the two parameters (coupling
and mass) are independent. A number of experiments explore this more general parameter space.
ALPs populating the latter are predicted to arise generically, in addition to the axion, in low-energy
e�ective field theories emerging from string theory [8–15]. The latter often contain also very light
Abelian vector bosons under which the Standard-Model particles are not charged: so-called hidden-
sector photons, dark photons or paraphotons. They share a number of phenomenological features
with the axion and ALPs, notably the possibility of hidden photon to photon conversion. Their
physics cases and the current constraints are compiled in Refs. [16–18].

112.2 Theory

112.2.1 Peccei-Quinn mechanism and axions

The QCD Lagrangian includes a CP-violating term L« = ≠«̄ (–s/8fi) G
µ‹a

G̃
a
µ‹ , where ≠fi Æ

«̄ Æ +fi is the e�ective « parameter after diagonalizing quark masses, G
a
µ‹ is the color field strength

tensor, and G̃
a,µ‹

© ‘
µ‹⁄fl

G
a
⁄fl/2, with Á

0123 = 1, its dual. Limits on the neutron electric dipole
moment [19] imply |«̄| . 10≠10 even though «̄ = O(1) is otherwise completely satisfactory. The

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update
6th December, 2019 11:47am
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Overview

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L

%1
9 t%1

C Þ1=6.
Assuming L9 is not very strongly affected by protonCT  = 10  K

T  = 0CCT  = 5.5x10  K8

9

FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Strong CP problem and axion

• Strong CP problem: why CP violation in strong interaction is so small?

• Axion: pseudo-NG boson of  symmetryU(1)PQ

ℒθ = θ
αS

8π
GμνG̃μν

 θ̄ = θ + argdetMq → θ̄ ≲ 10−10

ℒa = ( a
fa

+ θ) αS

8π
GμνG̃μν

from neutron EDM [Baker et al. (2006)]

CP conserving minimum is dynamically chosen

V(a)

θ̄ = 0

[Pecci and Quinn (1977); Weinberg (1978); Wilczek (1978)]



Axion models

• Axion couples to nucleons

• Coupling constant depends on models

- KSVZ axion model

- DFSZ axion model

ℒ =
1
fa

αS

8π
aGμνG̃μν + ∑

q

Cq

2fa
q̄γμγ5q∂μa + ⋯

ℒ = ∑
N=n,p

CN

2fa
N̄γμγ5N∂μa

(Cq = 0)

(Cu,c,t =
1
3

cos2 β , Cd,s,b =
1
3

sin2 β)

Cp = − 0.47(3) , Cn = − 0.02(3)

Cp = − 0.182(25) − 0.435 sin β2

Cn = − 0.160(25) + 0.414 sin β2

[Kim (1979); Shifman, Vainshtein, Zakharov ((1980)]

[Zhitnitsky (1980); Dine, Fischler, Srednicki (1981)] 



Previous constraints on axion

8 111. Axions and other similar particles

Number counts of HB stars in a large sample of 39 Galactic GCs compared with the
number of red giants (that are not much affected by Primakoff losses) give a weak
indication of non-standard losses which may be accounted by Primakoff-like axion
emission, if the photon coupling is in the range |GAγγ | = (2.9± 1.8)× 10−11 GeV−1 [53].
Still, the upper bound found in this analysis,

|GAγγ | < 6.6 × 10−11 GeV−1 (95% CL), (111.13)

represents the strongest limit on GAγγ for a wide mass range, see Figure 111.1.
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Figure 111.2: Exclusion ranges as described in the text. The intervals in the
bottom row are the approximate ADMX and CAST search ranges. Limits on
coupling strengths are translated into limits on mA and fA using the KSVZ values
for the coupling strengths, if not indicated otherwise. The “Beam Dump” bar is
a rough representation of the exclusion range for standard or variant axions. The
limits for the axion-electron coupling are determined for the DFSZ model with an
axion-electron coupling corresponding to sin2 β = 1/2.

We translate the conservative constraint, Equation 111.13, on GAγγ to fA >

3.4 × 107 GeV (mA < 0.2 eV), using E/N = 0 as in the KSVZ model, and show the

June 5, 2018 20:09

ma = 𝒪(mπ fπ /fa)

[PDG 2018]

SN1987A:  fa ≳ 108 GeV
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Overview

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Overview

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Neutron star
Compact astrophysical object:  in M ∼ 1.4M⊙ R ∼ 10 km

Tokyo area



Neutron star
Compact astrophysical object:  in M ∼ 1.4M⊙ R ∼ 10 km

pF,n ∼ O(100) MeV

pF,e,p,μ ∼ O(10) MeV

These particles are degenerate:  pF ≫ T

• Mostly consists of neutrons

• Small amount of proton, electron, 
muon

Tokyo area



NS in Cassiopeia A

• Cassiopeia A (Cas A): Supernova remnant in the Cassiopeia constellation

- Age: ~ 340 yr 

• from remnant expansion 

• Perhaps from record by J. Flamsteed at Aug. 16, 1680

• Neutron star at the center of Cas A (Cas A NS)

- Thermal emission is detected 

[R. A. Fesen et al.  (2006)]

[W. B. Ashworth, Jr. (1980); K. W. Kamper (1980); D. W. Hughes (1980).] 

[Atlas Coelestis (1729)]



Cooling of Cas A NS
Temperature is decreasing for ~ 10 years

[Ho et al. (2015)]

TESTS OF THE NUCLEAR EQUATION OF STATE AND . . . PHYSICAL REVIEW C 91, 015806 (2015)

the spectra using the specific NS mass and radius implied by the
EOS under consideration, and then we perform a least squares
fit to the observed temperature decline. Thus our derived mass
and radius consistently fit both the spectra and temperature
evolution of the Cas A NS.

Despite the many possible combinations, we find only a
few combinations that match the observed spectra and cooling
rate. One solution yields M = 1.812 MSun (BSk20 EOS,
TToa triplet gap, iron envelope). Other solutions yield M =
1.582 MSun (BSk21 EOS, TTav triplet gap, iron envelope),
M = 1.441 MSun (BSk21 EOS, TToa triplet gap, iron enve-
lope), M = 1.441 MSun (BSk21 EOS, TToa triplet gap, carbon
envelope with 10−15 MSun), and M = 1.582 MSun (BSk21
EOS, TToa triplet gap, carbon envelope with 10−8 MSun).
Only three of these solutions give a good χ2

ν value for
the least squares fit of all the temperatures: χ2

ν = 0.55 for
M = 1.441 MSun and BSk21 EOS with iron envelope, χ2

ν =
0.47 for M = 1.441 MSun and BSk21 EOS with 10−15MSun
carbon envelope, and χ2

ν = 0.94 for M = 1.812 MSun and
BSk20 EOS with iron envelope, all using the TToa triplet
gap; the fit also requires the supernova that produced the
NS to have occurred in the years 1674, 1669, and 1653,
respectively, which matches well with the determination from
the expansion of the supernova remnant of 1681 ± 19 [16].
The other two fits require the supernova to have occurred in
the years 1617 and 1586, respectively. We show the best-fit
solution (M = 1.441 MSun) in Fig. 14. Given the current
systematic uncertainties, including absolute flux calibration of
the observations (see [4,17]), we estimate a mass uncertainty
of approximately ∼0.03 MSun for a given EOS and gap model.

FIG. 14. (Color online) Redshifted surface temperature T ∞
s as a

function of year, with redshift 1 + zg = 1.229. Crosses and 1σ error
bars are the observed Chandra ACIS-S Graded temperatures of the
Cas A NS. Cooling curve is for a M = 1.441 MSun and R = 12.59 km
NS built using the BSk21 EOS with an iron envelope and SFB neutron
singlet, CCDK proton singlet, and TToa neutron triplet gap models.
Inset: Expanded view of temperature evolution as a function of time.

V. DISCUSSION

For the first time, we successfully obtain consistent fits
between the nine epochs of Chandra ACIS-S Graded spectra
and the derived temperature evolution. Our best-fit yields a
NS mass M = 1.44 MSun and radius R = 12.6 km using the
BSk21 EOS, TToa neutron triplet superfluid and CCDK proton
singlet superconductor gap models, and an iron envelope or
thin carbon layer (with $M ≈ 10−15 MSun) on top of an iron
envelope. Because there still exist large observational and
theoretical uncertainties, we cannot absolutely rule out the
other EOSs or some of the other superfluid and superconduct-
ing gap models considered here. What we show is that it is
possible to accurately measure the mass of a NS using the
method described. Future work will examine what constraints
are implied for the case where the Cas A NS is not cooling
significantly or is cooling at a lower rate, as suggested by the
analyses of [17] and [4], respectively.

While the parametrization of the gap energy [see Eq. (2)] is
an approximation, we demonstrate the features that gap models
should possess if they are to fit the Cas A NS observations.
In particular, the proton singlet gap should be large enough to
permit a large fraction of the core to become superconducting
early in the age of the NS in order to suppress early neutrino
cooling. The neutron triplet gap also needs to extend to a large
fraction of the core but with a maximum critical temperature
that is just at the right level so that rapid cooling does not
initiate too early or too late in order to explain the Cas A
observations [11,12]. For the neutron singlet gap, its effect
on the temperature evolution occurs early on (age !102 yr),
during the thermal relaxation phase when the NS interior is
strongly non-isothermal [14]. The Cas A data do not provide
useful constraints for this gap. However we note that some
neutron singlet gap models (e.g., AWP2, SCLBL, and SFB)
extend beyond the inner crust into the core. While such
behavior has no distinctive effect on the cooling behavior of
an isolated NS, it may affect observable phenomena such as
pulsar glitches [70–73].

There are other possible explanations for the cooling
behavior of the Cas A NS besides the onset of core superfluidity
and superconductivity, e.g., heating by r-mode oscillations
[74] or magnetic field decay [75], very slow thermal relaxation
[69], rotationally induced neutrino cooling [76], and transition
to quark phases [77,78]. It would be interesting to see what
constraints on some of these models could be obtained
by performing consistent fitting of the Cas A spectra and
temperature evolution similar to the one performed here.

Finally, we note that it is desirable to use a single nuclear
theory calculation to obtain consistent EOS and superfluid and
superconductor gap energies. However, this is not possible
at the present time. Our work is, in part, to motivate such a
calculation. A second purpose is to motivate the production of
analytic approximations to the detailed calculations performed
by the nuclear physics community, not just of the EOS [e.g.,
pressure as a function of density P (n)], but also nucleon
effective masses and superfluid and superconducting gap
energies [i.e., meff(n) and $(kFx)]. Analytic approximations
are vital for modeling of astrophysical sources, and we note the
valuable contributions of [79,80] for SLy and [26,27] for BSk.
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Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L

%1
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C Þ1=6.
Assuming L9 is not very strongly affected by protonCT  = 10  K

T  = 0CCT  = 5.5x10  K8

9

FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.

PRL 106, 081101 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

25 FEBRUARY 2011

081101-3

Standard cooling explains temperature decline

Slow neutrino emission

Fast neutrino emission

C
dT
dt

= − Lν − Lγ

Photon emission

[Page et al. (2011)]



Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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results in the development a gap 2� in the spectrum so that no particle can
have an energy between ✏F �� and ✏F +�.
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Figure 6: Temperature evolution of the state of a system parametrized by an
“order” parameter, �(T ).

is a continuous change of �(T ) with no critical temperature (see the right panel
of Fig. 6). (Examples: liquid $ gas above the critical point; atomic gas $

plasma.)

A simple example

A simple model can illustrate the di�culty in calculating pairing gaps. Con-
sider a dilute Fermi gas with a weak, attractive, interaction potential U . The
interaction is then entirely described by the corresponding scattering length5 , a,
which is negative for an attractive potential. In this case, the model has a single
dimensionless parameter, |a|kF , and the dilute gas corresponds to |a|kF ⌧ 1.
Assuming the pairing interaction is just the bare interaction U (which is called
the BCS approximation), the gap equation at T = 0 can be solved analytically,

5The scattering length a is related to U by a = (m/4⇡h̄2)U0 with Uk =
R
d3r exp(ik ·

r)U(r).
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Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Figure 17: Left panel: Feynman diagram for ⌫⌫ emission from the formation
of a nn Cooper pair (pair breaking and formation, PBF, process). Right panel:
control functions RPBF for the PBF process.

Temperature dependence of the PBF neutrino emissivity

The temperature dependence of the PBF process (left panel of Fig. 17) can be
ascertained from Eq. (45) according to the following T -power counting:

✏
PBF

/ T
3
· T

3
· T · 1 ·

1

T
·R(�/T ) · T = T

7
R(�/T ) , (47)

where the two T
3 and the first T factors arise from the phase space integrations

of the neutrino pair and the first participating nucleon, respectively. The fac-
tor 1 results from the phase space integration of the second nucleon. As there
are only two degenerate fermions in this process (in contrast to the Urca and
bremsstrahlung processes that involve 3, 4, or 5 degenerate fermions), the mo-
menta of the neutrino pair and the first nucleon are chosen the momentum of
the second nucleon is fixed by the three-momentum conserving delta function.
Thus, this second nucleon does not introduce any T dependence. The T

�1 de-
pendence arises from the energy conserving delta function. The last T factor is
from the neutrino pair’s energy, whereas the T and � dependence of the matrix
element of the reaction are included in the function R(�/T ), which is shown in
the right panel of Fig. 17.

An alternative way of looking at the PBF process is simply as an interband
transition of a nucleon [117]. Considering the particle spectrum in a paired state
(the right panel of Fig. 5), the lower branch (with ✏ < ✏F ��) corresponds to
paired particles whereas the upper branch to excited ones, i.e., the “broken
pair” leaves a hole in the lower branch. A transition of a particle from the
upper branch to a hole in the lower branch corresponds to the formation of a
Cooper pair.
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is a continuous change of �(T ) with no critical temperature (see the right panel
of Fig. 6). (Examples: liquid $ gas above the critical point; atomic gas $

plasma.)

A simple example

A simple model can illustrate the di�culty in calculating pairing gaps. Con-
sider a dilute Fermi gas with a weak, attractive, interaction potential U . The
interaction is then entirely described by the corresponding scattering length5 , a,
which is negative for an attractive potential. In this case, the model has a single
dimensionless parameter, |a|kF , and the dilute gas corresponds to |a|kF ⌧ 1.
Assuming the pairing interaction is just the bare interaction U (which is called
the BCS approximation), the gap equation at T = 0 can be solved analytically,

5The scattering length a is related to U by a = (m/4⇡h̄2)U0 with Uk =
R
d3r exp(ik ·

r)U(r).
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Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Figure 33: Comparison of the cooling scenario of Fig. 31 with data for isolated
neutron stars. As in Fig. 26, the various lines show the e↵ect of varying the
amount of light elements in the envelope (from [126]).

solid state instead of a crystalline one, a possibility that is not supported by
microscopic studies [161, 162].

Similarly, the core thermal relaxation time may be much larger than usually
considered. For example, Blaschke et al. [163] have proposed that the inner core
of the star cools rapidly and that it also takes a few hundreds years for the star
to become isothermal. The latter time is when the rapid decrease of T1

e would
be observed. This scenario requires that the core thermal conductivity be lower
than usually considered, by a factor 4 or larger, and also requires that neutrons
do not form a superfluid until the star is much colder. This scenario, based
on the “Medium-Modified Urca” neutrino emission process [72, 104], is also
compatible with the cooling data, but only if the suppression of core conductivity
is adjusted to fit the observed cooling of the neutron star in Cas A. More work is
required to confront these alternative possibilities with other facets of neutron
star phenomenology.

Finally, there are important systematic uncertainties related to the observa-
tions which may a↵ect our ability to interpret the cooling of this neutron star.
Among these uncertainties are: the incorrect idenfication of two simultaneous
photons as a single photon of larger energy, detector calibration issues, and con-
tributions from material in the line of sight between the neutron star and the
observing satellite. Recent analyses of these uncertainties cannot conclusively
confirm that cooling is present, but cannot unambiguosly rule out such cooling
either [164, 165].
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Overview

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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Overview

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T
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whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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• Axion Bremsstrahlung

• Axion PBF

• Even if Cn ~ 0 (KSVZ), axion emission is 
sizable due to the proton contribution
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Figure 17: Left panel: Feynman diagram for ⌫⌫ emission from the formation
of a nn Cooper pair (pair breaking and formation, PBF, process). Right panel:
control functions RPBF for the PBF process.

Temperature dependence of the PBF neutrino emissivity

The temperature dependence of the PBF process (left panel of Fig. 17) can be
ascertained from Eq. (45) according to the following T -power counting:

✏
PBF

/ T
3
· T

3
· T · 1 ·

1

T
·R(�/T ) · T = T

7
R(�/T ) , (47)

where the two T
3 and the first T factors arise from the phase space integrations

of the neutrino pair and the first participating nucleon, respectively. The fac-
tor 1 results from the phase space integration of the second nucleon. As there
are only two degenerate fermions in this process (in contrast to the Urca and
bremsstrahlung processes that involve 3, 4, or 5 degenerate fermions), the mo-
menta of the neutrino pair and the first nucleon are chosen the momentum of
the second nucleon is fixed by the three-momentum conserving delta function.
Thus, this second nucleon does not introduce any T dependence. The T

�1 de-
pendence arises from the energy conserving delta function. The last T factor is
from the neutrino pair’s energy, whereas the T and � dependence of the matrix
element of the reaction are included in the function R(�/T ), which is shown in
the right panel of Fig. 17.

An alternative way of looking at the PBF process is simply as an interband
transition of a nucleon [117]. Considering the particle spectrum in a paired state
(the right panel of Fig. 5), the lower branch (with ✏ < ✏F ��) corresponds to
paired particles whereas the upper branch to excited ones, i.e., the “broken
pair” leaves a hole in the lower branch. A transition of a particle from the
upper branch to a hole in the lower branch corresponds to the formation of a
Cooper pair.
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Ñ + Ñ → [ÑÑ] + a

[Iwamoto (1984, 2001); Nakagawa et al. (1987, 1988)]

[Leinson (2014); Sedrakian (2016)]

[Hamaguchi, Nagata, KY, Zheng (2018)]

ℒ = ∑
N=n,p

CN

2fa
N̄γμγ5N∂μaKSVZ: Cp = − 0.47(3) , Cn = − 0.02(3)



Axion emission enhances cooling

If  is too small, the Cas A NS would be overcooledfa
Constraint on fa

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L
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FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.
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FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.

PRL 106, 081101 (2011) P HY S I CA L R EV I EW LE T T E R S
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Neutrino + axion emission

[Page et al. (2011)]

coupling ∼
CN

fa



Detail 1: Gap models

• Gap amplitude has uncertainties due to nuclear potential modeling

• We use CCDK model for proton gap to suppress early time modified Urca

• We take neutron triplet gap as a free parameter to fit Cas A NS cooling

proton singlet gap neutron triplet gap

ϵN(p) ≃ μN + sign(p − pF,N) Δ2
N + v2

F,N(p − pF,N)2
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Figure 11: Some theoretical predictions of Tc and �, vs proton kF , for the
proton 1S0 gap in �-equilibrium uniform neutron-proton matter. The value of
kF corresponding to the transition from the crust to the core is indicated: values
on the right of this line correspond to the neutron star core but values on the
left are not realized since protons in the crust are confined within nuclei which
are finite size systems while this figure presents results for infinite matter. On
the top margin are marked the values of the proton kF at the center of a 1.0,
1.4, 1.8, and 2.0 M� star built with the APR EOS [16]. See text for description.

BCS for the proton 1S0 gap. Among the latter, we show results from [46]:
these authors used either only two body forces in the interaction kernel, curve
“BS2BF”, or two body forces supplemented by the inclusion of three body forces,
curve “BS2BF+3BF” which shows that three body forces are repulsive in the 1S0
channel. These “BS” results also include e↵ects of medium polarization. Recall
that for the 1S0 pairing of neutrons in pure neutron matter, polarization has a
screening e↵ect and quenches the gap. However, in neutron star matter, where
the medium consists mostly of neutrons, the strong np-correlations result in
medium polarization inducing anti-screening [47] for the 1S0 pairing of protons.

The anisotropic
3
P-F2 neutron (and proton) gap

The 1S0 neutron gap vanishes at densities close to the crust-core transition
and the dominant pairing for neutrons in the core occurs in the mixed 3P-F2

channel. Uncertainties in the actual size and the range of density in which
this gap persists are, however, considerable. As previously mentioned, a major
source of uncertainty is the fact that even the best models of the N-N interaction
in vacuum fail to reproduce the measured phase shift in the 3P2 channel [48].
Also significant are the e↵ects of the medium on the kernel and 3BF, even at

21

the level of the BCS approximation. It was found in [49] that 3BF at the Fermi
surface are strongly attractive in the 3P-F2 channel in spite of being repulsive in
the bulk. Moreover, due to medium polarization a long-wavelength tensor force
appears that is not present in the interaction in vacuum and results in a strong
suppression of the gap [50].
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Figure 12: Left panel: some theoretical predictions of Tc for the neutron 3P-F2

gap in uniform pure neutron and �-equilibrium matter. See text for description.
Right panel: some phenomenological models of Tc for the neutron 3P-F2 gap
used in neutron star cooling simulations. Models “a”, “b”, and “c” are from
[51] and [52], model “a2” from [53]. On the top margin are marked the values
of kFn at the center of a 1.0, 1.4, 1.8, and 2.0 M� star built with the APR EOS
[16].

Figure 12 shows examples of theoretical predictions of Tc for the neutron
3P-F2 gap. The three dotted lines show some of the first published models:
“HGRR” from [54], “T” from [55] and “AO” from [29]. The four continuous
lines show results of models from [48] calculated using the Nijmegen II (“NijII”),
Nijmegen I (“NijI”), CD-Bonn (“CDB”), and Argonne V18 (“AV18”) potentials
(displayed values are taken from the middle panel of Figure 4 of [48]). The
results of these four models start to diverge at kFn above 1.8 fm�1 and illustrate
the failure of all four N-N interactions models to fit the 3P2 laboratory phase-
shifts above Elab ' 300 MeV. All of these calculations were performed for pure
neutron matter using the BCS approximation.

In the case of the 1S0 gap, medium polarization is known to result in screen-
ing and to reduce the size of the gap. In the case of a 3P2 gap, polarization
with central forces is expected to result in anti-screening and to increase the
size of the gap. However, Schwenk & Friman [50] showed that spin-dependent
non-central forces do the opposite and strongly screen the coupling in the 3P2

channel, resulting in a Tc lower than 107 K: this “SF” value is indicated in the
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[Figures from Page et al. (2013)]



Details 2: Envelope
Atmosphere

Envelope

• Envelope shields atmosphere from 
core and crust

• Surface T and internal T are different

•  relation depends on amount of 
light element in envelope
T − Ts

[Potekhin et al. (1997)]

mass of light elements

T

Ts

Parametrized by η = g2
14ΔM/M

(surface gravity)/(1014 cm/s2)

for a given Tb if they are present in sufficient amounts. The
larger the amount of light elements present, the higher the
temperature at which their effect will be felt due to the tem-
perature dependence of the location of the sensitivity strip. But
at very high temperatures, the light elements have practically
no effect because they cannot penetrate deep enough. The
resulting T1

e -Tb relationships for various amounts of light
elements are shown in Figure 14.

The presence of a magnetic field can also affect the structure
of the envelope (Greenstein & Hartke 1983). The effect is to
enhance heat transport along the field and inhibit transport
along directions perpendicular to the field. This results in a
nonuniform surface temperature distribution, with a very cold
region in which the field is almost tangential to the surface as,
e.g., around the magnetic equator for a dipolar field, and a
corresponding modification of the T1

e -Tb relationship (Page
1995). However, the overall effect is not very large but is
somewhat sensitive to the presence of strongly nondipolar
surface fields (Page & Sarmiento 1996). For a field of the order
of 1011–1012 G, one obtains a slight reduction of T1

e compared
to the field-free case, whereas for a higher field T1

e begins
to be enhanced. The enhancement of T1

e is, however, much
smaller than what is obtained by the presence of light elements
(Potekhin et al. 2003). Moreover, there are possible insta-
bilities due to the nonuniformity of the temperature (Urpin
2004) that have not yet been taken into account in magnetized
envelope calculations and may somewhat affect these results,
but we do not expect significant changes. Hence, the important
case for our purpose would be the maximal reduction of T1

e
obtained for a pure heavy element envelope at B ¼ 1011 G,
which is illustrated in Figure 14.

One must finally mention that our calculations are based on
the assumption of spherical symmetry in the interior and that
the only asymmetries considered, due to the presence of a
magnetic field, are within the envelope and hence included
into this outer boundary condition. However, this assumption
is questionable in some magnetic field configurations where
the field is confined to the stellar crust. As shown by Geppert

et al. (2004), the crust is highly nonisothermal in such cases
and this can affect the thermal evolution because the resulting
photon luminosity is lowered compared to the isothermal crust
case.

5. A GENERAL STUDY OF NEUTRON STAR COOLING
WITHIN THE ‘‘MINIMAL SCENARIO’’

In this section, we will consider the individual effects of
the chief physical ingredients that enter into the modeling of
the cooling of an isolated neutron star. Our purpose here is
twofold:

1. to determine the sensitivity of results to uncertainties in
input physics in order to obtain a broad range of predictions
that, we hope, encompasses all possible variations within the
minimal cooling scenario;
2. to provide us with the means to identify the types of

models that will result in the coldest possible neutron stars
within this paradigm.

Theoretical refutations of the critical physical ingredients
needed for these coldest models could allow us to raise the
temperature predictions and possibly provide more, or stron-
ger, evidence for ‘‘enhanced cooling.’’ The task of identifying
the minimally cooling coldest star will be taken up in x 6. An
object colder than such a star could be considered as evidence
for the presence of physics beyond the minimal paradigm.
All results in this section use stars built using the APR EOS,

except for x 5.8, where the effects of the EOS are studied for a
star of 1.4 M", and for x 5.7, where effects of the stellar mass
are studied.

5.1. Neutrino vversus Photon Coolingg Eras
and the Effect of the Envvelope

The basic features of the thermal evolution of a neutron star
can be easily understood by considering the global thermal en-
ergy balance of the star

dEth

dt
# CV

dT

dt
¼ $L!$ L" ; ð35Þ

where Eth is the total thermal energy content of the star and
CV its total specific heat. This equation is accurate when the
star is isothermal, which is the case for ages larger than a few
decades. Since the dominant neutrino processes all have a T 8

temperature dependence, the neutrino luminosity can be ex-
pressed as

L! ¼ NT8: ð36Þ

Furthermore, most of the specific heat comes from the de-
generate fermions in the core for which

CV ¼ CT ð37Þ

in the absence of pairing interactions. The photon luminosity
can be written as

L" # 4#R2$SBT
4
e ¼ ST 2þ4% ; ð38Þ

where Te, the effective temperature, is converted into the in-
ternal temperature T through an envelope model with a power-
law dependence: Te / T 0:5þ% with %T1 (see eq. [34] and

Fig. 14.—Relationship between the effective temperature T1
e and the in-

terior temperature Tb at the bottom of the envelope assuming various amounts
of light elements parametrized by & # g2

s14!ML=M (!ML is the mass in light
elements in the envelope, gs14 the surface gravity in units of 1014 cm s$1, and
M is the star’s mass), in the absence of a magnetic field (Potekhin et al. 1997).
Also shown are the T1

e -Tb relationships for an envelope of heavy elements
with and without the presence of a dipolar field of strength of 1011 G following
Potekhin & Yakovlev (2001).
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Result

Limit on fa of KSVZ (DFSZ, ) model: tan β = 10 fa ≳ 5 (7) × 108 GeV
comparable to the limit from SN1987A: fa ≳ 108 GeV

fa = 4 × 108 GeV
Fit fails for any neutron gap profile
NS is overcooled before neutron triplet pairing

[Hamaguchi, Nagata, KY, Zheng (2018)]

We vary neutron triplet gap to fit 
the Cas NS cooling data

O(1) uncertainty from the choice of η



Summary

• SM: Cooling of Cas A NS can be explained by 
standard cooling theory

• SM + Axion: if axion-nucleon coupling is too large, 
theory cannot explain the data

Te ’ Te0ðT=108 KÞ!K; (7)

where Te0 # 106 K and !# 0:5. The evolution of Te is
hence similar to that of T, and the internal cooling curves
of Fig. 2 map onto analogous models of Figs. 1, 3, and 4.
The scale Te0 and the exponent! in Eq. (7) both depend on
the chemical composition of the envelope. The presence of
light elements, e.g., H, He, C, and/or O, increases Te0 and
reduces! compared to the case of heavy elements, e.g., Fe,
depending on the total mass !Mlight of light elements [22].

Using Eq. (7), the slope s ¼ dlog10Te=dlog10t of the
transit cooling curve from Eq. (4) is

s ¼ !
dlog10T

dlog10t
¼ %!

6

ft=tC
1þ fðt% tCÞ=tC

; (8)

whereas the slopes of the asymptotic trajectories, Eqs. (2)
and (6), are both s ¼ %!=6#%1=12. As long as t is only
slightly larger than tC, the transit slope is larger than those
of the asymptotic trajectories by a factor#f. The observed
slope over a 10 yr interval is sobs ’ %1:4. Note, however,
that the model ‘‘0.5’’ of Fig. 1 does not exhibit such a large
slope. We are thus led to investigate the origin of the
rapidity of Cas A’s cooling.

Several factors influence the rapidity of the transit phase.
First, LPBF depends on the shape of the Tcnð"Þ curve. A
weak " dependence, i.e., a wide Tcnð"Þ curve, results in a
thicker PBF neutrino emitting shell and a larger LPBF than a
strong " dependence. Second, the T dependence of Te, i.e.,
the parameter ! in Eq. (7), also affects the slope in Eq. (8).
Third, protons in the core will likely exhibit superconduc-
tivity in the 1S0 channel. Most calculations of the proton
critical temperature, Tcpð"Þ, are larger than Tcnð"Þ at low

densities. Proton superconductivity suppresses the MU
process in a large volume of the core at a very early age,
reducing LMU [23]. In our analytical model, this reduction
translates to a lower L9 and, hence, to a larger f. The
analytical model as well as our calculations reveal that
proton superconductivity significantly accelerates cooling
during transit and results in a large slope. This feature,
essential to account for Cas A’s cooling rate, is illustrated
in the right panel of Fig. 2.
By varying the relevant physical ingredients, such as the

density range of proton 1S0 superconductivity, the shape of
the Tcnð"Þ curve, the chemical composition of the enve-
lope, and the star’s mass, many models can reproduce the
average observed Te of Cas A. These models yield slopes
ranging from #% 0:1 (no rapid cooling and no constraint
on TC) up to %2. A typical good fit to the rapid cooling
of Cas A is shown in Fig. 3, where the large slope results
from the strong suppression of LMU by extensive proton
superconductivity. Figure 4 demonstrates that the result
TC ’ 0:5' 109 K does not depend on the star’s mass,
but that the slope during the transit is very sensitive to
the extent of proton superconductivity. Models successful
in reproducing the observed slope require superconducting
protons in the entire core. Although spectral fits [5] seem
to indicate that Cas A has a larger than canonical mass
(1:4M(), a recent analysis [6] indicates compatibility, to
within 3#, with a smaller mass, 1:25M(. The need for
extensive proton superconductivity to reproduce the large
observed slope favors moderate masses unless supercon-
ductivity extends to much higher densities than current
models predict (see, e.g., Fig 9 in [14] for a large sample
of current models).
The inferred TC ’ 0:5' 109 K, either from Figs. 1, 3,

and 4 or from Eq. (3), appears quite robust and stems from
the small exponent in the relation TC / ðC9L

%1
9 t%1

C Þ1=6.
Assuming L9 is not very strongly affected by protonCT  = 10  K

T  = 0CCT  = 5.5x10  K8

9

FIG. 3. A typical good fit to Cas A’s rapid cooling for a 1:4M(
star, built from the EOS of APR [25] with an envelope mass
!Mlight ¼ 5' 10%13M(. The two dotted curves, with indicated

values of TC, are to guide the eye. The three models have a
proton 1S0 gap from [26] (the model ‘‘CCDK’’ in [14]) which
results in the entire core being superconducting. The insert
shows a comparison of our results with the five data points of
[7] along with their 1# errors.

0.51
0.52
0.57

1.9
1.6
1.3

M/M T  [10  K]C
9

FIG. 4. Cooling curves with different masses and values of
TC as indicated. For the 1:9M( star, !Mlight ¼ 5' 10%11M(.
For the other two masses shown, !Mlight ¼ 5' 10%13M(. The
assumed proton 1S0 gap is the same as in Fig. 3. The slopes, at
the current age of Cas A, are %1:4, %0:9, and %0:5 for the 1.3,
1.6, and 1:9M( models, respectively: the decrease, with increas-
ing mass, directly reflects the decrease of the core’s fractional
volumes in which protons are superconducting.
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“Limit on axion decay constant from the cooling neutron star in Cassiopeia A”

Well-motivated candidate of a new particle NS cooling is observed

ℒ =
1
2 (∂μa)

2
+

1
fa

αS

8π
aGμνG̃μν + ∑

q

Cq

2fa
q̄γμγ5q∂μa + ⋯

[Page et al. (2011)]

[This work]

[Page et al. (2011); Shternin (2011)]

comparable to the SN1987A limit

[Pecci and Quinn (1977); Weinberg (1978); Wilczek (1978)]

[This work]fa ≳ (5 − 7) × 108 GeV
O(1) uncertainty from envelope



Backup



More on uncertainty from light element in envelope

Envelope parameter  can be varied

Large  can weaken the limit

• KSVZ: For large , internal T is 
too low to explain cooling rate

    →  is rather stringent

• DFSZ: For large , axion emission from 
neutron PBF may help explain the curve

η

η

η ∼ 10−8

fa ≳ 4 × 108 GeV

η



Uncertainty from envelope

 of Cas A NS at 
w/o neutron triplet pairing
Tcore t = 300 − 338 yr}

Overcools 
Cas A NS

• More conservative limit: 

• This limit does not rely on the temperature decline

fa ≳ 108 GeV

[Hamaguchi, Nagata, KY, Zheng (2018)]

η = 10−8

η = 10−18
η = 5 × 10−13

Internal temperature can be different 
depending on light element in envelope



Details 3: procedure to limit axion 

• Fix axion model (KSVZ/DFSZ and )

• Try to fit the Cas A NS cooling rate varying neutron triplet gap profile

- neutron triplet gap is modeled by Gaussian shape w/ 3 free parameters

• If the fit fails, such an axion model is disfavored

• For other NS parameters, we use
- CCDK model for proton singlet gap (insensitive to this choice if the gap is sufficiently large)

- APR EOS

-

- SFB model for neutron singlet pairing in crust

fa

M = 1.4 M⊙

C
dT
dt

= − Lν − Lγ − La



• Axion Bremsstrahlung

• Axion PBF

Neutrino emission
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These processes occur near the Fermi surface.

If the direct Urca process can occur, the neutrino emission is 

significantly increased. 
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Figure 17: Left panel: Feynman diagram for ⌫⌫ emission from the formation
of a nn Cooper pair (pair breaking and formation, PBF, process). Right panel:
control functions RPBF for the PBF process.

Temperature dependence of the PBF neutrino emissivity

The temperature dependence of the PBF process (left panel of Fig. 17) can be
ascertained from Eq. (45) according to the following T -power counting:

✏
PBF

/ T
3
· T

3
· T · 1 ·

1

T
·R(�/T ) · T = T

7
R(�/T ) , (47)

where the two T
3 and the first T factors arise from the phase space integrations

of the neutrino pair and the first participating nucleon, respectively. The fac-
tor 1 results from the phase space integration of the second nucleon. As there
are only two degenerate fermions in this process (in contrast to the Urca and
bremsstrahlung processes that involve 3, 4, or 5 degenerate fermions), the mo-
menta of the neutrino pair and the first nucleon are chosen the momentum of
the second nucleon is fixed by the three-momentum conserving delta function.
Thus, this second nucleon does not introduce any T dependence. The T

�1 de-
pendence arises from the energy conserving delta function. The last T factor is
from the neutrino pair’s energy, whereas the T and � dependence of the matrix
element of the reaction are included in the function R(�/T ), which is shown in
the right panel of Fig. 17.

An alternative way of looking at the PBF process is simply as an interband
transition of a nucleon [117]. Considering the particle spectrum in a paired state
(the right panel of Fig. 5), the lower branch (with ✏ < ✏F ��) corresponds to
paired particles whereas the upper branch to excited ones, i.e., the “broken
pair” leaves a hole in the lower branch. A transition of a particle from the
upper branch to a hole in the lower branch corresponds to the formation of a
Cooper pair.

37

a
Ñ + Ñ → [ÑÑ] + a

[Iwamoto (1984, 2001); Nakagawa et al. (1987, 1988)]

[Leinson (2014); Sedrakian (2016)]

[Hamaguchi, Nagata, KY, Zheng (2018)]

ℒ = ∑
N=n,p

CN

2fa
N̄γμγ5N∂μaDFSZ: , 

          
Cp = − 0.182(25) − 0.435 sin β2

Cn = − 0.160(25) + 0.414 sin β2



Axion mean free path

• If  is too small, axion cannot escape from the NS (R = 10 km)

• In both KSVZ and DFSZ model, axion decays by  with

                                      

• For , we need

                                       

fa

a → p̃ + p̃

Γ ∼
m*p pFv2

FT

3πf 2
a ( cp

2 )
2

pF ∼ 100 MeV, m*p ∼ 1 GeV, T ∼ Δp ∼ 1MeV

fa ≳ ( cp

2 ) × 106 GeV

[Keller and Sedrakian (2012)]



• Cas A NS +  PSR B0656+14, 
Geminga, PSR B1055-52

• Temperature decline is not used

• fa > (5 − 10) × 107 GeV

Related works

axion coupling has been assigned the following values:
fa ¼ ∞ (negligible coupling), fa7 ¼ 10, fa7 ¼ 5 and
fa7 ¼ 2, where fa7 ¼ fa=107 GeV, in combination with
charges jCnj ¼ 0.04 and jCpj ¼ 0.4.
The observational temperatures of the four objects

discussed are shown by dots with error bars. The temper-
ature of CCO in Cas A is consistent with the cooling of
m ¼ 1 and 1.4 mass stars assuming that the compact object
in Cas A has a light-element envelope and axion cooling is
absent. Switching on the axion cooling decreases the
temperatures of models with the age of CCO in Cas A
because of the additional losses caused by the axion PBF
process. It is seen that for small enough values of fa, the
cooling curves become inconsistent with the Cas A data.

Quantitatively, the lowest value of axion coupling fa7 ¼ 2
is inconsistent with bothm ¼ 1 andm ¼ 1.4mass cooling;
the value fa7 ¼ 5 is inconsistent with m ¼ 1 but not with
m ¼ 1.4 mass star cooling.
The temperatures of the remaining middle-aged neutron

stars from our collection are consistent with the cooling of
m ¼ 1 and 1.4 mass star models if we make the natural
assumption that these neutron stars have nonaccreted iron
envelopes. Axion cooling with fa7 ≤ 5 is clearly incon-
sistent with the data on these objects. For fa7 ¼ 10 and
m ¼ 1.4, the cooling tracks are marginally consistent with
the data. Physically, the inconsistency arises from the
PBF axion cooling of the models prior to the actual age
of these objects, which according to simulations are
currently cooling predominantly via crust bremsstrahlung
and surface photon emission.
Figure 3 focuses on the cooling behaviour at the early

stages of evolution and on CCO in Cas A. Here we have
added also cooling tracks for massive m ¼ 1.8 stars to
quantify the variations in the mass of the objects. It is seen
that significant variations in the mass do not change the
cooling tracks; this would, of course, change if the EoS of
dense matter admits fast cooling processes—i.e., if in more
massive stars the threshold densities for the onset of rapid
cooling processes are attained. Our computations show that
fa7 ¼ 10 cooling is still consistent with the data form ¼ 1.4
stars, but for fa7 ¼ 5 cooling tracks are inconsistent with the
data independent of the mass of the star, as shown in Fig. 3.
Figure 4 focuses on the cooling of the three intermediate-

aged neutron stars discussed above with and without axion
cooling. The variation in the mass range 1 ≤ m ≤ 1.8 does
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FIG. 3. Cooling tracks of neutron star models with masses
m ¼ 1 (dash-dotted) 1.4 (solid) and 1.8 (dashed) for the case
of an accreted light-element envelope (η ¼ 1) along with the
measured temperature of CCO in Cas A. For each value of mass,
the upper curve corresponds to the cooling without axions,
and the lower curve corresponds to axion cooling with
fa7 ¼ 5. Note the weak dependence on the surface temperature
of models on the star mass.
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FIG. 2. Cooling tracks (redshifted surface temperature vs age)
for neutron star models with masses m ¼ 1 and m ¼ 1.4 (in solar
units) for the cases of nonaccreted iron envelope (η ¼ 0) and
accreted light-element envelope (η ¼ 1). The representative ob-
servational data includes (from left to right) the CCO in Cas A,
PSR B0656þ 14, Geminga, and PSR B1055-52. Each panel
contains cooling tracks for various values of the axion coupling
constant; the case fa ¼ ∞ (solid line) corresponds to vanishing
axion coupling—i.e., purely neutrino cooling. The axion cooling
models are shown for the values fa7 ¼ 10 (dashed), fa7 ¼ 5
(dash-dotted), and fa7 ¼ 2 (double-dash-dotted).

AXION COOLING OF NEUTRON STARS PHYSICAL REVIEW D 93, 065044 (2016)

065044-7

[Sedrakian (2016)]

[Leinson (2014)]

• Only axion-neutron PBF is considered

• Evolution of  is not consideredt ≲ 300 yr

[Sedrakian (2016)]



Nucleon Cooper pairing

• Attractive nuclear force induces the Cooper 
pairing of n-n and/or p-p

• In the core 

- n: spin-triplet  pairing 

- p: spin-singlet  pairing 

this difference is due to the difference of Fermi energy

• In the crust:

- n: spin-singlet  pairing
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Figure 4: Left panel: Possible spin-angular momentum combinations for
Cooper-pairs. Right panel: Phase shifts for N-N scattering as a function of
the laboratory energy (middle axis) or the neutron Fermi energy and density
for a neutron star interior (lower axis). Adapted from [21].

that permit the presence of Cooper pairs (and hence a gap �(T )), states with
energy ✏ � ✏F +� can be populated. However, in contrast to the smooth filling
of levels above ✏F in the case of a normal Fermi liquid, the presence of the
2�(T ) gap in the spectrum implies that the occupation probability is strongly
suppressed by a Boltzmann-like factor ⇠ exp[�2�(T )/kBT ]. As a result, both
the specific heat of paired particles and the neutrino emissivity of all processes
in which they participate are strongly reduced.

The phase transition

The transition to the superfluid/superconducting state through pairing à la
BCS is usually a second order phase transition and the gap �(T ) is its order
parameter (see central panel of Fig. 6). Explicitly, �(T ) = 0 when T > Tc,
the critical temperature, and, when T drops below Tc, �(T ) grows rapidly but
continuously, with a discontinuity in its slope at T = Tc. There is no latent heat
but a discontinuity in specific heat. (Examples: superfluid $ normal fluid; fer-
romagnetic $ paramagnetic.) In the BCS theory, which remains approximately
valid for nucleons, the relationship between the zero temperature gap and Tc is

�(T = 0) ' 1.75 kBTc . (17)

In a first order phase transition there is a discontinuous change of �(T ) at Tc

and the transition occurs entirely at Tc (see left panel of Fig. 6). There is a latent
heat due to the entropy di↵erence between the two states. (Examples: solid $

liquid; liquid $ gas below the critical point.) In a smooth state transition there
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Neutron star in Cas A

• In 1999, Chandra detected hot point-like source 
at the center of Cas A

• No pulsation is detected

• The observed thermal spectrum is consistent 
with NS carbon atmosphere model

• The spectrum is fitted with

M = (1.4 ± 0.3) M⊙ R = (11 − 13) km

[Tananbaum (1999)]

[Ho and Heinke (2009)]

[Ho et al. (2015)]
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TABLE II. Superfluid gap parameters.

Gap !0 k0 k1 k2 k3 Ref.
model (MeV) (fm−1) (fm−2) (fm−1) (fm−2)

Neutron singlet (ns)
AWP2 28 0.20 1.5 1.7 2.5 [48]
AWP3 50 0.20 2.0 1.4 2.0 [48]
CCDK 127 0.18 4.5 1.08 1.1 [49]
CLS 2.2 0.18 0.06 1.3 0.03 [50,51]
GIPSF 8.8 0.18 0.1 1.2 0.6 [51,52]
MSH 2.45 0.18 0.05 1.4 0.1 [51,53]
SCLBL 4.1 0.35 1.7 1.67 0.06 [54]
SFB 45 0.10 4.5 1.55 2.5 [55]
WAP 69 0.15 3.0 1.4 3.0 [55,56]

Proton singlet (ps)
AO 14 0.15 0.22 1.05 3.8 [57,58]
BCLL 1.69 0.05 0.07 1.05 0.16 [39,58]
BS 17 0.0 2.9 0.8 0.08 [59]
CCDK 102 0.0 9.0 1.3 1.5 [49,58]
CCYms 35 0.0 5.0 1.1 0.5 [60]
CCYps 34 0.0 5.0 0.95 0.3 [60]
EEHO 4.5 0.0 0.57 1.2 0.35 [58]
EEHOra 61 0.0 6.0 1.1 0.6 [42]
T 48 0.15 2.1 1.2 2.8 [61]

Neutron triplet (nt)
AO 4.0 1.2 0.45 3.3 5.0 [38]
BEEHSb 0.45 1.0 0.40 3.2 0.25 [62]
EEHOc 0.48 1.28 0.1 2.37 0.02 [41]
EEHOr 0.23 1.2 0.026 1.6 0.0080 [42]
SYHHPd 1.0 2.08 0.04 2.7 0.013 [11]
T 1.2 1.55 0.05 2.35 0.07 [38,64]
TTav 3.0 1.1 0.60 2.92 3.0 [65]
TToa 2.1 1.1 0.60 3.2 2.4 [65]

aFit parameters given by model e of [40].
bFit to the BHF spectra from Fig. 4 of [62], not BHFm∗, since [62]
state that an effective mass approximation should not be used when
calculating the gap.
cFit parameters given by model l of [40].
dReplaces the deep model given in [63].

we fit for the grade migration parameter (one for observations
with a 3.04 s frame time and another for observations with a
3.24 s frame time; see [4,10] for details), hydrogen column
density, and surface temperature Teff but hold each at a single
value for all observations, except Teff . We also hold mass M
and radius R to a single value, but rather than allow them
to take on any value in their respective parameter space, we
only use pairs of values (M ,R) that are produced by each EOS
considered herein. Thus M−R confidence contours collapse
down to confidence levels along an M−R sequence for each
EOS; this is shown in Fig. 2. We see from Fig. 3 that the best-fit
NS mass at ≈90% confidence is M ≈ 1.4 ± 0.3 MSun for any
of the three EOSs. Meanwhile the best-fit NS radius at ≈90%
confidence is R ≈ 11.6+0.1

−0.2 km for APR, 11.7 ± 0.1 km for
BSk20, and 12.55 ± 0.05 km for BSk21. The peculiar shape
of the fit for R for BSk21 is due to the nearly constant NS
radius predicted by this EOS for M ≈ 1.1–1.8 MSun. Finally
we note that the grade migration parameter is ≈0.2–0.35 and
hydrogen column density is ≈(1.6–1.8) × 1022 cm−2 (see also

FIG. 2. (Color online) Neutron star mass versus radius for three
nuclear EOSs: APR (solid), BSk20 (long-dashed), and BSk21 (short-
dashed). Squares indicate (M ,R) values which produce good fits to
Chandra ACIS-S Graded data at a 90% confidence level.

[4,10]), both of which are proportional to the assumed value
of M . Since regions of the supernova remnant near the NS
have hydrogen column density ≈(1.7–2) × 1022 cm−2 [66], a
higher NS mass (M ! 1.6 MSun) is favored.

FIG. 3. (Color online) Best-fit to Chandra ACIS-S Graded data,
as determined by !χ 2 as a function of NS mass (top) and radius
(bottom) for three nuclear EOSs: APR (solid), BSk20 (long-dashed),
and BSk21 (short-dashed). Dotted lines indicate the 90% confidence
level.
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TToa 2.1 1.1 0.60 3.2 2.4 [65]

aFit parameters given by model e of [40].
bFit to the BHF spectra from Fig. 4 of [62], not BHFm∗, since [62]
state that an effective mass approximation should not be used when
calculating the gap.
cFit parameters given by model l of [40].
dReplaces the deep model given in [63].

we fit for the grade migration parameter (one for observations
with a 3.04 s frame time and another for observations with a
3.24 s frame time; see [4,10] for details), hydrogen column
density, and surface temperature Teff but hold each at a single
value for all observations, except Teff . We also hold mass M
and radius R to a single value, but rather than allow them
to take on any value in their respective parameter space, we
only use pairs of values (M ,R) that are produced by each EOS
considered herein. Thus M−R confidence contours collapse
down to confidence levels along an M−R sequence for each
EOS; this is shown in Fig. 2. We see from Fig. 3 that the best-fit
NS mass at ≈90% confidence is M ≈ 1.4 ± 0.3 MSun for any
of the three EOSs. Meanwhile the best-fit NS radius at ≈90%
confidence is R ≈ 11.6+0.1

−0.2 km for APR, 11.7 ± 0.1 km for
BSk20, and 12.55 ± 0.05 km for BSk21. The peculiar shape
of the fit for R for BSk21 is due to the nearly constant NS
radius predicted by this EOS for M ≈ 1.1–1.8 MSun. Finally
we note that the grade migration parameter is ≈0.2–0.35 and
hydrogen column density is ≈(1.6–1.8) × 1022 cm−2 (see also

FIG. 2. (Color online) Neutron star mass versus radius for three
nuclear EOSs: APR (solid), BSk20 (long-dashed), and BSk21 (short-
dashed). Squares indicate (M ,R) values which produce good fits to
Chandra ACIS-S Graded data at a 90% confidence level.

[4,10]), both of which are proportional to the assumed value
of M . Since regions of the supernova remnant near the NS
have hydrogen column density ≈(1.7–2) × 1022 cm−2 [66], a
higher NS mass (M ! 1.6 MSun) is favored.

FIG. 3. (Color online) Best-fit to Chandra ACIS-S Graded data,
as determined by !χ 2 as a function of NS mass (top) and radius
(bottom) for three nuclear EOSs: APR (solid), BSk20 (long-dashed),
and BSk21 (short-dashed). Dotted lines indicate the 90% confidence
level.
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bFit to the BHF spectra from Fig. 4 of [62], not BHFm∗, since [62]
state that an effective mass approximation should not be used when
calculating the gap.
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dReplaces the deep model given in [63].
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and radius R to a single value, but rather than allow them
to take on any value in their respective parameter space, we
only use pairs of values (M ,R) that are produced by each EOS
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down to confidence levels along an M−R sequence for each
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Direct Urca process

• Beta decay and its inverse

• Occurs around Fermi surface

• Direct Urca process does not operate unless NS is very heavy

- due to the energy and momentum conservations around Fermi surface

- E.g., for APR EOS,  is required

- We can neglect direct Urca in Cas A NS ( )

M ≳ 1.97 M⊙

M ≃ 1.4 M⊙
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These processes occur near the Fermi surface.

If the direct Urca process can occur, the neutrino emission is 

significantly increased. 

pF ≫ T, mn − mp

n → p + ℓ + ν̄ℓ p + ℓ → n + νℓ

ℓ = e, μ

[e.g., Lattimer et al.  (1991)]



Threshold of direct Urca 
• Energy conservation  and beta equilibrium 

→ Emitted neutrino momentum: 

• Momentum conservation: 

→  , hence large proton fraction, is necessary

εn = εp + εℓ ± εν μF,n = μF,p + μF,ℓ

pν ∼ T ≪ pF

⃗p n ≃ ⃗p p + ⃗p ℓ

pF,n < pF,p + pF,ℓ



Luminosity evolution

dashed line: w/o superfluidity

• Before neutron pairing: Modified Urca process dominates

• After neutron pairing : neutron PBF dominates

• Modified Urca process is suppressed by nucleon pairing

Calculated by NSCool



Thermal relaxation

• Relaxation time scale is t ∼ 10 − 100 yr

(a, CCDK) gap



Neutron singlet gap

•

• Singlet pairing occurs only in the crust

Tc ∼ (0.5 − 2) × 1010 K
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Figure 10: Some theoretical predictions of Tc and �, vs neutron kF , for the
neutron 1S0 gap in uniform pure neutron matter. The value of kF corresponding
to the transition from the crust to the core is indicated. See text for description.

Transcribed to the neutron star context, the range of Fermi momenta for
which these neutron 1S0 gaps are non vanishing corresponds mostly to the
dripped neutrons in the inner crust. The presence of nuclei, or nuclear clus-
ters in the pasta phase, may modify the sizes of these gaps from their values in
uniform matter. The coherence length ⇠ of the dripped neutrons is larger than
the sizes of nuclei, leading to proximity e↵ects. This issue has received some
attention, see, e.g., [38, 39, 40, 41], and position dependent gaps, from inside
to outside of nuclei, have been calculated. However, in most of the crust ⇠ is
smaller than the internuclear distance, and the size of the gap far outside the
nuclei is close to its value in uniform matter.

The isotropic
1
S0 proton gap

The magnitudes of proton 1S0 gaps are similar to those of neutrons, but with the
important di↵erence that, in the neutron star context in which beta equilibrium
prevails, protons are immersed within the neutron liquid, and constitute only
a small fraction of the total baryon number (3 to 20% in the density range
where they are expected to be superconducting). Proton-neutron correlations
cause the e↵ective mass of the proton to be smaller than that of the neutron,
a simple e↵ect that reduces the size of the proton 1S0 gap compared to that of
the neutron.

Several theoretical predictions of Tc for the proton 1S0 gap are shown in
Fig. 11: “CCY” from [42], “T” from [43], and “AO” from [44] that are among
the first historical calculations, whereas “BCLL” from [30], “CCDK” from [33],
and “EEHO” from [45] are more recent results. All of these calculations were
performed within the BCS approximation and very few works have gone beyond
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Figure from Page et al. (2013)]



Neutron singlet pairing for Cas A NS cooling

• Only singlet neutron pairing is included

• It affects earlier time evolution

TESTS OF THE NUCLEAR EQUATION OF STATE AND . . . PHYSICAL REVIEW C 91, 015806 (2015)

B. Neutron crust superfluid

We first consider only the introduction of the neutron singlet
gap into the cooling simulations, and we only display results
using the APR EOS for simplicity. Figure 4 shows the critical
temperature Tc for the onset of neutron superfluidity in the
singlet state as a function of relative radius r/R. Most neutron
singlet gap models are primarily confined to the inner crust.
However, we see that a few (i.e., AWP2, SCLBL, and SFB)
extend into the core.

Figure 5 shows the time evolution of the redshifted
surface temperature T ∞

s = Ts/(1 + zg), where 1 + zg = (1 −
2GM/c2R)−1/2 is the gravitational redshift. The tempera-
ture evolution (or cooling curve) labeled “no superfluid” is
calculated using a 1.4 MSun NS with the APR EOS, iron
envelope, and no superfluid or superconducting gap models.
The other cooling curves are calculated using the same NS
model but including one neutron singlet gap model (denoted
by the labels; see Table II). As mentioned in Sec. III C, the
two primary effects of superfluidity/superconductivity on NS
cooling are suppression of neutrino emission processes that
involve particles that are superfluid or superconducting and
enhancement of cooling due to neutrino production during
Cooper pairing. Here we see that the second effect (more
rapid cooling) is dominant in the case of the onset of neutron
superfluidity in the singlet state (as well as suppression of the
neutron heat capacity, which is also included here; see also
[14]). All neutron singlet gap models produce cooling curves
that show a rapid temperature decline at an earlier age than
the cooling curve generated without including superfluidity;
similar results are seen in [14]. Note that the general behavior

FIG. 4. (Color online) Critical temperature Tc for neutron singlet
superfluidity as a function of fractional radius of a NS constructed
using the APR EOS (M = 1.4 MSun, R = 11.6 km). Different curves
correspond to different gap models that are shown in Fig. 1. Vertical
dotted lines denote the boundaries between the core, inner crust, and
outer crust of the NS.

FIG. 5. (Color online) Redshifted surface temperature T ∞
s as a

function of age for a 1.4 MSun APR NS with an iron envelope.
Different curves are cooling simulations using one corresponding
neutron singlet gap model (see Fig. 1), while the curve labeled
“no superfluid” is a simulation that does not include any superfluid
components. Crosses are the observed temperatures of the Cas A NS.

of rapid decline is due to thermal relaxation of the NS. At
very early times, the NS core cools more rapidly than the crust
via the stronger neutrino emission that occurs in the core, so
that the crust is generally at higher temperatures. A cooling
wave travels from the core to the surface, bringing the NS to a
relaxed, isothermal state. The relaxation time is ∼10–100 yr,
depending on the properties of the crust [6,33,67]. Incidentally,
formation of the inner and outer crusts begins at ∼1 hr and
∼1 day, respectively, and is mostly complete after ∼1 month
and ∼1 yr, respectively [63,68]. For a much lower NS mass
or thicker crust, thermal relaxation may require a few hundred
years. Nevertheless we see that thermal relaxation, as well as
the effects of any of the neutron singlet gap models, occurs
well before the time of our observations of the Cas A NS.
Therefore Cas A is not useful for constraining the epoch of
thermal relaxation or these gap models (cf. [69]).

C. Proton core superconductor

We now consider (only) the introduction of the proton
singlet gap into the cooling simulations. Figure 6 shows the
critical temperature Tc for the onset of proton superconduc-
tivity in the NS core as a function of relative radius r/R
for the APR and BSk20 EOSs. For most gap models using
the APR EOS and high temperatures (T > 108 K), protons
in the superconducting state only occupy a fractional radius
of 0.1–0.3 for a 1.4 MSun NS. Only the CCDK gap model
can produce a NS that has a completely superconducting
core of protons. On the other hand, we see that proton
superconductivity can extend throughout the core for most
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We first consider only the introduction of the neutron singlet
gap into the cooling simulations, and we only display results
using the APR EOS for simplicity. Figure 4 shows the critical
temperature Tc for the onset of neutron superfluidity in the
singlet state as a function of relative radius r/R. Most neutron
singlet gap models are primarily confined to the inner crust.
However, we see that a few (i.e., AWP2, SCLBL, and SFB)
extend into the core.

Figure 5 shows the time evolution of the redshifted
surface temperature T ∞

s = Ts/(1 + zg), where 1 + zg = (1 −
2GM/c2R)−1/2 is the gravitational redshift. The tempera-
ture evolution (or cooling curve) labeled “no superfluid” is
calculated using a 1.4 MSun NS with the APR EOS, iron
envelope, and no superfluid or superconducting gap models.
The other cooling curves are calculated using the same NS
model but including one neutron singlet gap model (denoted
by the labels; see Table II). As mentioned in Sec. III C, the
two primary effects of superfluidity/superconductivity on NS
cooling are suppression of neutrino emission processes that
involve particles that are superfluid or superconducting and
enhancement of cooling due to neutrino production during
Cooper pairing. Here we see that the second effect (more
rapid cooling) is dominant in the case of the onset of neutron
superfluidity in the singlet state (as well as suppression of the
neutron heat capacity, which is also included here; see also
[14]). All neutron singlet gap models produce cooling curves
that show a rapid temperature decline at an earlier age than
the cooling curve generated without including superfluidity;
similar results are seen in [14]. Note that the general behavior

FIG. 4. (Color online) Critical temperature Tc for neutron singlet
superfluidity as a function of fractional radius of a NS constructed
using the APR EOS (M = 1.4 MSun, R = 11.6 km). Different curves
correspond to different gap models that are shown in Fig. 1. Vertical
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outer crust of the NS.

FIG. 5. (Color online) Redshifted surface temperature T ∞
s as a

function of age for a 1.4 MSun APR NS with an iron envelope.
Different curves are cooling simulations using one corresponding
neutron singlet gap model (see Fig. 1), while the curve labeled
“no superfluid” is a simulation that does not include any superfluid
components. Crosses are the observed temperatures of the Cas A NS.

of rapid decline is due to thermal relaxation of the NS. At
very early times, the NS core cools more rapidly than the crust
via the stronger neutrino emission that occurs in the core, so
that the crust is generally at higher temperatures. A cooling
wave travels from the core to the surface, bringing the NS to a
relaxed, isothermal state. The relaxation time is ∼10–100 yr,
depending on the properties of the crust [6,33,67]. Incidentally,
formation of the inner and outer crusts begins at ∼1 hr and
∼1 day, respectively, and is mostly complete after ∼1 month
and ∼1 yr, respectively [63,68]. For a much lower NS mass
or thicker crust, thermal relaxation may require a few hundred
years. Nevertheless we see that thermal relaxation, as well as
the effects of any of the neutron singlet gap models, occurs
well before the time of our observations of the Cas A NS.
Therefore Cas A is not useful for constraining the epoch of
thermal relaxation or these gap models (cf. [69]).

C. Proton core superconductor

We now consider (only) the introduction of the proton
singlet gap into the cooling simulations. Figure 6 shows the
critical temperature Tc for the onset of proton superconduc-
tivity in the NS core as a function of relative radius r/R
for the APR and BSk20 EOSs. For most gap models using
the APR EOS and high temperatures (T > 108 K), protons
in the superconducting state only occupy a fractional radius
of 0.1–0.3 for a 1.4 MSun NS. Only the CCDK gap model
can produce a NS that has a completely superconducting
core of protons. On the other hand, we see that proton
superconductivity can extend throughout the core for most
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Proton singlet pairing for Cas A NS cooling

• Only singlet proton pairing is included

• Small proton gap is not favored by Cas A temperature

HO, ELSHAMOUTY, HEINKE, AND POTEKHIN PHYSICAL REVIEW C 91, 015806 (2015)

FIG. 6. (Color online) Critical temperature Tc for proton super-
conductivity as a function of fractional radius of a NS constructed
using the APR EOS (M = 1.4 MSun, R = 11.6 km; top panel) and
BSk20 EOS (M = 1.4 MSun, R = 11.7 km; bottom panel). Different
curves correspond to different proton singlet gap models that are
shown in Fig. 1. Vertical dotted line denotes the boundary between
the core and inner crust of the NS.

gap models using the BSk20 EOS. This difference between
the two EOSs is due to the larger proton fraction (at the same
baryon density) in APR compared to BSk20. The critical
temperature (or gap energy) increases, reaches a maximum,
and then decreases as a function of Fermi momentum kFp

or proton density np (see Fig. 1). The larger proton fraction
for APR means that we can see to larger kFp where the gap
energy tail becomes small. The proton superconductor critical
temperatures for the BSk21 EOS are intermediate between the
ones for APR and BSk20.

Figure 7 shows the critical temperature as a function
of density. Also shown by the vertical lines is the central
density of an APR NS of various masses. Only for the strong
CCDK gap model does proton superconductivity extend down
into the center of NSs with M > 1.3 MSun. In subsequent
sections, we will consider only the CCDK model for the proton
superconducting gap energy.

Figure 8 shows cooling curves calculated using a 1.4 MSun
NS with the APR EOS and iron envelope and including one
proton singlet gap model (denoted by the labels; see Table II).
The cooling curve labeled “no superconductor” is calculated
with no superfluid or superconducting gap models. As a result
of low proton fractions, we see that the first effect (less efficient
cooling) discussed in Sec. III C, i.e., suppression of neutrino
emission processes that involve protons, is dominant in the case
of the onset of proton superconductivity. For the BSk20 and
BSk21 EOSs, the proton superconductor critical temperatures
extend to greater fractions of the NS core (see Fig. 6), and

FIG. 7. (Color online) Critical temperature Tc for proton super-
fluidity as a function of mass density of a NS constructed using the
APR EOS. Different curves correspond to different proton singlet gap
models that are shown in Fig. 1. Vertical dotted lines denote the core
density of NSs of different mass.

as a result, this suppression will be stronger and will produce
more rapid temperature drops when the core neutrons become
superfluid and emit Cooper-pairing neutrinos.

FIG. 8. (Color online) Redshifted surface temperature T ∞
s as a

function of age for a 1.4 MSun APR NS with an iron envelope. Dif-
ferent curves are cooling simulations using one corresponding proton
gap model (see Fig. 1), while the curve labeled “no superconductor”
is a simulation that does not include a superconductor component.
Crosses are the observed temperatures of the Cas A NS.
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Mass for thermal evolution

• Difference is due to the density dependence of pairing gap

• Heat capacity and neutrino luminosity slightly changescenario when pairing, and the corresponding neutrino emis-
sion from the PBF process, is included in a realistic way.

5.7. Effects of Neutron Star Mass

In the case that neutrino cooling occurs only through the
modified Urca and bremsstrahlung processes, as required by
the tenets of the minimal cooling scenario, one can expect
that the cooling curves in the neutrino cooling era will show
practically no variation with neutron star mass, because there
are no energy or density thresholds for these processes. This
situation will change drastically for the case in which en-
hanced cooling through direct Urca processes becomes pos-
sible either through nucleons or due to the presence of exotica.

Figure 25 confirms that in the absence of pairing, there is
almost no mass effect, both during the neutrino and the photon
cooling era. Similarly, when n, but not p, pairing is included,
the mass dependence is also small, though larger than with no
pairing at all. When the p gap is included, the main variation
with mass occurs in the photon cooling era in which more
massive stars cool more slowly. This is a direct consequence
of the lesser suppression of the proton specific heat with in-
creasing mass, since the p 1S0 gap vanishes at high density and
there is an increasingly larger unpaired region when M in-
creases [CV ( p) is larger for larger M ]. The chosen n 3P2 gap
reaches the center of the star in all cases, and thus CV (n) is
strongly reduced for all masses, which explains the small mass
dependence when only n gaps are taken into account. In the
case that the n 3P2 gap would also vanish at high density, we
would obtain an additional mass dependence.

5.8. Effects of the Equation of State

In exploring the high density EOS, one can expect three
sources of effects:

1. general relativistic effects due to change in the star’s
compactness;

2. differences in the n and p effective masses; and
3. differences in the volume of the star in the various paired

states.

Figure 26 shows results for the four EOSs selected in x 3.1.
When no pairing is included, there is little variation with the
EOS, and slight variations exist when pairing is considered.
The reasons are essentially the same as those discussed in
conjunction with the stellar mass (see the previous subsection)
and are due to the density dependence of the p 1S0 gap and, to
a much lesser degree, that of the n 3P2 gap. The very small
differences in the unpaired models simply reflect that the four
chosen EOSs are rather similar because of constraints imposed
by the minimal cooling scenario: the differences in the stars’
compactness and nucleon effective masses are very small.

6. MINIMALLY COOLING COLDEST NEUTRON STARS

One of the main goals in this work is to determine how cold
an observed neutron star should become to be incompatible
with the predictions of the minimal scenario. Armed with the
results of the previous section, we can now identify the fastest
cooling models within this scenario.

6.1. Neutrino Coolingg Era

During the neutrino cooling era, Figure 23 shows that the
lowest Te-values are obtained due to the PBF process when
the n 3P2 gaps are of the size of model ‘‘a,’’ i.e., with Tc-values
of order at most 109 K in most of the stellar core. The p 1S0
gaps cannot compete with the most efficient n 3P2 gaps, be-
cause proton gaps are restricted to a smaller volume; compare
Figures 20, 21, and 22. These fastest neutrino cooling models
have a very weak dependence on the mass of the star (Fig. 25).
These models also require that the envelope be made of heavy

Fig. 25.—Effects of the stellar mass: cooling of stars of various masses
built using the EOS of APR, with and without pairing. Models with pairing
have n 1S0 gap from AWP and n 3P2 gaps from our model ‘‘a’’ and either no
p 1S0 gap (dashed curves) or p 1S0 gap from AO (solid curves). Stellar masses
are indicated in the cases with the three types of pairing, whereas for similar
cases without proton pairing or with no pairing at all the trajectories are too
similar to be separately labeled. The envelope is assumed to be composed of
heavy elements.

Fig. 24.—Cooling with adjusted modified Urca, for F ¼ 1=10, 1, 10, and
100 as indicated, with and without nucleon pairing. Assumed pairing gaps are
from our model ‘‘a’’ for n 3P2 and from AO for p 1S0 (and n 1S0 pairing from
AWP for which the effect is very small). The envelope is assumed to be
composed of heavy elements.
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• Dashed: no proton singlet pairing
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EOS for thermal evolution

• Difference is also due to the density dependence of pairing gap

• Heavy element envelope
• (a, AO) gap
• APR and WFF3 use different potential
• BPAL is phenomenological

[Page et al. (2004)]

elements or, if it contains light elements, their amounts should
be much smaller than 10!11 M" (see Fig. 16).

6.2. Photon Coolingg Era

The physical processes that control cooling in the photon
cooling era are quite different from those in the neutrino cooling
era. Neutrino emission from any of the possible processes make
only a small contribution in the photon cooling era.

The two crucial ingredients are the envelope, which de-
termines the photon luminosity and pairing, which controls
the specific heat (see x 5.1). A light element envelope, pro-
ducing a higher Te and hence a higher L for a given core
temperature, leads to fast cooling; an amount above 10!9 M"
of these elements is necessary (see Fig. 16). Concerning the
total specific heat, the strongest reduction can be achieved by
pushing baryon pairing to the extreme, and this means con-
sidering low mass neutron stars so that the p 1S0 gap is more
likely to reach the center of the star. Pursuing the trend indi-
cated in Figure 25, we consider effects of the various p 1S0 gaps
of Figure 9 for a low mass, 1.1 M", neutron star. Results are
shown in Figure 27. The proton kF at the center of this star has
a value of 1.1 fm!1 (see Figs. 5 and 6); the inset of Figure 27
shows a direct mapping of the density at which the p 1S0 gap
vanishes with Te at these times. The fastest cooling model
corresponds to the p 1S0 gap ‘‘CCDK,’’ which has a Tc of
1:44 ; 109 K at the center of the star and hence produces a
complete suppression of the proton specific heat in the photon
cooling era. A p 1S0 gap with a higher Tc at the center of the
star, or a gap that vanishes at higher densities (not reached in
this star), would lead to the same cooling curve. Similar con-
siderations apply to the n 3P2 gap. To illustrate this, we used
our model gap ‘‘a’’ in Figure 27. Any other gap with a Tc
higher than a few times 108 K would result in the same total
suppression of the neutron specific heat and, therefore, to ex-
actly the same cooling curve.

These results will be important when comparing our pre-
dictions with data in the next section, particularly for young
stars with ages of the order of a few times 104 yr, such as the
Vela pulsar and PSR 1706!44.

7. COMPARISON OF THE MINIMAL COOLING
SCENARIO WITH DATA

In x 5, we analyzed in some detail the effect of each physical
ingredient that shapes the cooling history of a neutron star
within the minimal scenario. In x 6, we identified the fastest
cooling neutron star models in this scenario. The combined
effects of these ingredients in realistic models, together with
comparisons to the presently available temperature and lumi-
nosity measurements, are presented below.
Our task is greatly simplified by the fact that the EOS is

considerably constrained by the tenets of the minimal scenario
(see results of x 5.8). Moreover, as shown in x 5.7, the precise
mass of the neutron star also has little effect, with the possible
exception of low mass stars at ages around a few times 104 yr.
(This, of course, is changed drastically once we go beyond the
minimal scenario and allow for enhanced neutrino emission
processes to occur at high density.) We can therefore restrict
our attention mostly to the thermal evolution of a ‘‘canonical’’
1.4 M" neutron star built with the EOS of APR. In contrast ,
the chemical composition of the envelope and the extent of
pairing of both neutrons and protons will play significant roles.
As shown in x 5.1, the presence of light elements in the

envelopes of young neutron stars leads to effective temperatures
that are larger than those without any light elements during the
neutrino cooling era, whereas it implies a faster cooling during
the later photon cooling era. Thus, for an assumed high density
structure of the star, there exists a whole family of models
limited by the two extreme cases of envelopes: those with only
heavy elements, and those with a maximum amount of light
elements. Stars with envelopes containing only a small amount

Fig. 27.—Cooling of a 1.1 M" star (solid lines) and with various p 1S0 gaps
(as labeled in the inset): 1-NS, 2-T, 3-AO, 4-BCLL, 5-CCY_ms, and 6-CCDK
(see Fig. 9 for notation). The n 1S0 gap is from AWP, and the n 3P2 gap from
our model ‘‘a.’’ The dotted line is the same 1.1 M" star, but without any
pairing and the dashed line is for a 1.4 M" star, with the same pairing gaps as
in Fig. 25. Envelopes are all assumed to be composed of light elements.

Fig. 26.—Effects of the EOS: cooling of 1.4 M" stars built using the four
chosen EOSs. EOSs are labeled in the cases with pairing, whereas for similar
cases without pairing the trajectories are too similar to be separately labeled.
Pairing gaps: n 1S0 from AWP, n 3P2 from our model ‘‘a’’ and p 1S0 from AO.
The envelope is assumed to be composed of heavy elements.
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Other explanation of Cas A NS cooling

• Delayed thermal relaxation

• Rotation-driven direct Urca

• Recovery from r-mode heating

• Color superconductivity in quark phase

• Joule heating

[Yang et al. (2011)]

[Negreiros et al. (2013)]

[Blaschke et al. (2012, 2013); Grigorian et al. (2016)]

[Noda et al. (2013); Sedrakian (2013)]

[Bonanno et al. (2014)]



Uncertainty of observation

• Lower cooling rate is reported

• Since modified Urca predicts , even decline 
requires fast cooling

• Even if there is no decline, our conservative limit   holds

ΔT/T ∼ 0.3 % /10 year 1 %

fa ≳ 108 GeV
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Figure 6. Measured temperatures from ACIS-S Faint data (Case I) for the NS in
Cas A. Linear fitting indicates a decline of 2.1% ± 1.9% over 10 yr (χ2 = 9.6
for 17 dof).
(A color version of this figure is available in the online journal.)

multiply the statistical error by the square root of this χ2
ν . Our

final best-fit estimate is 2.9%±0.5% stat ±1.0 sys%. After adding
the errors in quadrature, the temperature decline is detected at
the 2.6σ level. Figure 7 summarizes the results inferred from all
detectors and the weighted fits.

Since there may be an unaccounted systematic error in either
the ACIS-S Graded or HRC-S temperature decline and these
detectors statistically dominate our results, we also calculated
the combined estimate excluding each of these detectors sepa-
rately. Our best-fit estimate excluding ACIS-S Graded data is
1.4%±0.6% stat ±1.0 sys%, while our best-fit estimate excluding
HRC-S data is 3.4% ± 0.3% stat ± 1.0 sys%.

4. THEORETICAL INTERPRETATION

If the NS in Cas A underwent standard cooling (through
neutrino emission from the core due to the modified Urca
process), then its surface temperature decline in 10 yr would
be ≈0.2%–0.3%. A reduction of the temperature decline of
≈3.6%, reported initially by Heinke & Ho (2010), or even as
low as ≈1%, does not change the principal conclusion that the
cooling is extraordinarily fast. If this rapid cooling was constant
from the birth of the NS, the current temperature would have to
be much smaller than is currently measured. It is reasonable to
assume that the cooling was initially slow but greatly accelerated
later.

The previous cooling observations were successfully ex-
plained (Page et al. 2011; Shternin et al. 2011) assuming that
the NS has a superfluid nucleon core. The powerful direct Urca
process of neutrino cooling from the core was supposed to be
absent (either completely forbidden or strongly suppressed by
superfluidity). One needed strong proton superfluidity through-
out the core to appear soon after the birth of the NS to sup-
press the modified Urca process and make the initial cooling
very slow. The corresponding critical temperature Tcp(ρ) for
proton superfluidity should be high, Tcp(ρ) ! 3 × 109 K, for
all densities ρ in the core. In addition, one needed moderately
strong superfluidity due to triplet-state pairing of neutrons, with
a wide critical temperature profile Tcn(ρ) over the core. When
the temperature T in the cooling core falls below the maximum
of Tcn(ρ), neutron superfluidity sets in. This triggers a strong

Figure 7. Decline in surface temperature of the NS in Cas A from all
detectors on Chandra over 10 yr (2000–2010). The errors on the decline
inferred by each instrument are the statistical errors. The blue diagonal-hatched
region indicates the best estimate from all the detectors considering only the
statistical error (2.9% ± 0.5stat%), while the green diagonal-hatched region
includes the quadrature addition of both the statistical and the systematic error
(2.9% ± 0.5% stat ± 1.0 sys%). The best estimate is a weighted average of the
individual results.
(A color version of this figure is available in the online journal.)

neutrino outburst due to Cooper pairing of neutrons, which pro-
duces the required rapid cooling. The peak of Tcn(ρ) was found
to be ≈(5–8) × 108 K, and neutron superfluidity should have
appeared about one century ago.

We have checked that the same explanation holds for slower
temperature drops of 1%–2%. We have taken the same NS mod-
els as in Shternin et al. (2011) and easily obtained satisfactory
agreement with slower temperature declines by slightly adjust-
ing the parameters of superfluidity. One may need a somewhat
shifted and less broad Tcn(ρ) profile, or a smaller factor q that
determines the reduction of the Cooper pairing neutrino emis-
sion by many-body effects (e.g., Leinson 2010). Although we
can also weaken proton superfluidity, the data is more readily
fit if proton superfluidity is kept strong.

These statements are illustrated in Figure 8, which is
similar to Figure 1 of Shternin et al. (2011). Calculations
are performed for the M = 1.65 M# NS model with the
Akmal–Pahdharipande–Ravenhall equation of state in the core.
The proton superfluidity is assumed to be the same as in Shternin
et al. (2011). The left panel in Figure 8 presents five phenomeno-
logical Tcn(ρ) profiles over the NS core. The right panel shows
corresponding cooling curves over a period of about 40 yr in-
cluding 10 yr of observations. The ACIS-S Graded data for
Case I are overlaid (with their 3.5% temperature drop). Note
that we plot the effective surface temperature T ∞

eff redshifted for
a distant observer.

The temperature profile in the left panel of Figure 8 that
corresponds to a 3.5% temperature decline in the right panel,
profile (1a), is calculated assuming q = 0.76. The temperature
profiles (1b) and (1c) correspond to similar Tcn(ρ) profiles,
but with higher peaks of Tcn(ρ) and lower q (0.40 and 0.19,
respectively); these models for neutron superfluidity lead to
lower temperature declines of 2% and 1%, respectively. The
two other profiles, (2) and (3), are calculated for q = 0.76;
their Tcn(ρ) profiles are shifted to higher ρ in the core and have
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statistically insignificant (e.g., !T4 = +6 ± 22, for different
NH and emission areas). An apparent ∼4% flux decrease can
be formally attributed to the decrease of the emitting area or of
the temperature for varying or tied emission areas, respectively.
However, the significance of the model flux decrease is below
the 3σ level.

The temperature and the (small) emission area are strongly
correlated, but the fits to the 2006 data and the 2012 data overlap
within their 68% confidence contours (Figure 15). Thus, the
bolometric luminosities of the hydrogen atmosphere models are
consistent within their errors as well (see Table 2).

In the case of the carbon atmosphere fits (Section 3.1.1 and
Table 1), the obtained best-fit temperature in 2012 is lower than
the one in 2006 if the normalizations are fixed or tied, but it is
higher if both normalizations are free fit parameters. Since the
statistical significance of the temperature drop over the time span
of 5.5 yr does not exceed 3σ (1σ in the case of varying NH, which
we consider more realistic), we can only estimate an upper limit
on the drop. As a conservative estimate, we define the upper
limit as the sum of the best-fit drop and its 90% uncertainty.
Such upper limits are in the range of −!T4 < 3.1 (the same
NH in both epochs, tied N ) and −!T4 < 2.7 (different NH, the
same fixed N in both epochs), for the default contamination.
The upper limit slightly increases if we include the additional
uncertainty of the contamination thickness (−!T4 < 3.2 for
contamination changes at the 10% level).

The question arises whether we can completely exclude—for
our time baseline and data—a temperature drop on the order
of what has been found by HH10 and E+13. HH10 reported an
overall surface temperature decrease of 3.6%±0.6% over a time
span of 9.8 yr. Using an enlarged data set and a CTI correction
in the Graded mode, E+13 found 3.5% ± 0.4% (from 2000 to
2010) and estimated an additional systematic uncertainty due to
the choice of their background as (+1.6%, −0.3%).

To obtain an average yearly temperature change rate from
the piled data points and the respective errors presented by
HH10, we performed a standard least-squares fit to a straight
line (e.g., Bevington & Robinson 2003), Teff = T0 + Ṫ (t − t0),
where t is the time and t0 the reference time. We chose the
average value of their covered time span as the zero-point
of the independent variable, t0 = 2004.816. We derived a
slope Ṫ = −7700 ± 1900 K yr−1 and an intercept T0 =
(207.9 ± 0.7) × 104 K (all errors indicate 90% confidence
levels, χ2

ν = 0.56 for ν = 3 dof), shown in yellow in
Figure 17. We followed the same approach for the data points
presented by E+13 and obtained Ṫ = −7700±1300 K yr−1 and
T0 = (210.1±0.6)×104 K (χ2

ν = 0.41 for ν = 5 dof), indicated
by blue stripes in Figure 17. For illustration, assuming constant
(time-independent) systematic shifts between the fit results of
the Graded mode data by HH10 and E+13 with respect to our
results, we shifted the straight-line fits by constant values in
such a way that the fit predictions at the time of our first epoch
are going through the value of our fit result.

Obviously, there are several systematic errors involved in
this simple comparison. The employed systematic shifts for
our linear-regression fits could be larger or smaller. In fact,
the systematic shift can be different for each observation, due
to the different locations of the target on the detector with
account for the spatial dependencies of the pile-up and ACIS
contamination. Taking these uncertainties into account, one can
expect larger error bars for any “shifted” data points, hence
the total uncertainty of any fit to these data will be larger. The
different contributions to the systematic errors from the poorly

Figure 17. Temperature change over time. The black crosses and blue asterisks
mark the temperatures and their 1σ errors as reported by HH10 (their
Table 1 and Figure 2) and E+13 (their Table 2), respectively. Their fit results were
derived from piled data telemetered in Graded mode, using carbon atmosphere
models (MNS = 1.648 M% and RNS = 10.3 km (HH10); MNS = 1.62 M%
and RNS = 10.19 km; E+13) with the same fixed NH for all observations. The
black dashed line and the yellow area indicate the results of a linear regression
fit and its 1σ error to the HH10 data points if we choose the average of their
observing epochs as reference time, tHH10,0 = 2004.82 (dotted vertical black
line). The blue dashed line and the blue-striped area indicate the results of a
linear regression fit and its 1σ error to the E+13 data points if we choose the
average of their observing epochs as reference time, tE13,0 = 2006.75 (dotted
vertical blue line). Our fit results from Table 1 for a carbon atmosphere model
with similar gravitational parameters (MNS = 1.647 M% and RNS = 10.33 km)
are marked with red star points (same NH in both epochs) and blue diamond
points (different NH in 2006 and 2012). For completeness, we also show the
2006 temperature by HH10. All errors in this plot are 1σ errors. In the lower
left corner, we show a typical 1σ temperature uncertainty for the cases of fixed
(left) and free, but tied (right) normalizations. See text for a detailed discussion.
(A color version of this figure is available in the online journal.)

modeled pile-up and the CTI correction in Graded mode are
unknown and cannot be assessed without directly comparable
observations.

The uncertainties in the temperature difference are relatively
large, in particular if we take into account the possible spread in
values due to the uncertainty in the ACIS filter contamination
(Tables 1 and 3, Figures 6, 7, and 16). Calculating the average
temperature change per year for our data, we obtain a range of
Ṫ from −1600 ± 3200 K yr−1 to −1800 ± 3200 K yr−1 (90%
confidence levels) for varying NH, fixed N , and considering a
±10% uncertainty in the optical depth of the ACIS contaminant
(Tables 1 and 3). If one sets NH to be the same in the
observing epochs, Ṫ ranges from −2500 ± 2000 K yr−1 to
−3800 ± 2000 K yr−1 (90% confidence levels, fixed N ),
respectively, i.e., the yearly change is still considerably smaller,
and its error is larger than those found from the HH10 and E+13
results. Only for the same NH and 10% less contamination in
2012, the values barely overlap at the 90% confidence levels. If
we consider, however, the ranges at the 99% confidence levels,
all slopes overlap. Thus, we cannot firmly exclude a temperature
change on the order of what has been reported before by E+13
(or HH10), but the probability that this temperature change is
correct appears to be rather low.

The most likely reason of the discrepancy in Ṫ is the lower
quality of the data used by HH10 and E13, subject to strong
pile-up and other calibration issues (e.g., the effects of the
CTI cannot be reliably corrected for the Graded-mode data).
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